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UNJLASSIFIED

The manual coatains the theoretical principles of interior

ballistics and the contesporary sethods of solutioa of ita main

prohlce«. The course includes iavestigations and studies accomplished
in recent years in various branches of this scieace. Also, a short
historical description is given of the development of{ interior
ballisticn. The latter emphusizes the leading part played by

Russian scientists prior to the Ocilober revolution, and particularly

i d

after i{t,.

Considerable attention is Riven to the practical aspects ot a
series of problems. Reforetnce is made to a sizable quantity of

test data, cxamples and problems helpful in masterisg the method

of basic ballistic calculations.
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POREVORD
“Military ncience and rescarch jastitutes, aa vell
as our cadres of designers should constantly and per-
sistently improve the standards of the Soviet military
technical thought, perfect our war materials and
develop new and bettor specimens of ft."”
(Yron the speech of the marshal of the Sovict Uanton, H.A.
Bulganin, on the 23rd ~ February 1948
Interior oullis tcs appear to be a hamtic aspect of artillery,
closecly related to a4 .arge number of ¢ wpl~x branches of artillery
scicnces which tnsurc the formation < t'e modern artillery system
and rclated amxunitiocn problems.
The power characteristics of the weapons, their efficiency and
conformance to the tactical and technica: requirements, depend to
a significant dcgree upon the power aud :ational »rolution of interior
ballistics problems.
Tho demands on arttllery widpra. tncreased rapidly prior to tne
sccond world war, and particularly during the homtilitices.
“Mechanized Warfarce” requircd the creatior of +ntirely new

types of artillery weoapona, an incrce-se in the power of exiating

types of weapons, and an extensiv( L.enlexity of saterials. Quantitative

variations of the basic fire paramet-rs caused d-'.:u'te qualitative
modificatione oi artillery materials.

Therefore, the problems confronting interior ballistics at the
present time cannot be compared in any way with interior ballistics

probleas of the firat quarter of the tewentieth century, with reapect

to their complexity and variability.
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The domestic iaterier balliatics, compiradly te all othsr
related branchas of artillsry scieaces, progressed aad developed
along outlines peculiar to themselvea. Artillery scieaces and

techniques, ameng them iaterier ballistics, ceastastly expanded
and developed duriag the years of Stalis’'s Five Year Plaas. Tiis
created types of artillsry aystems wvhich vere marhkedly superior,
as respects @uality, te those of foreigm armies, acs proves by the
practics of the Great Nomeland Var (Werld War 11).

Artillery tschaology coatiaued to develop sfter the war, and
the demands on it are increased. Thus, the tasks aad mcope of

problems which interior balliat.ca has to cope with and solve are

vidoned.

Ia order to solve these tasks succsssfully, it is firat mecessary

to have am advaaced theory supported upoa a moders sxperimeatal
b:-u. Secondly, ve need persoanel familiar vwith this theory and
the related experimests, wvho are capabls of fcllowiag the guilding
imstructions sxpressed by Coarade A.A. Zhdasov in a3 philosophical
discuasion, that "the basic task of all sciencs appears to be its
further progreas, the derivatios of mev rulss, the teatisg of its
theses in practical applicatios, aund the replacemseat of outdated
assumptions by nev oses.”

The volume of predless coafrosiiag istsrier balliatica haa
vuou’d aigaificastly frem -the time of the 1910 editions of the
standard study sasusl “laterior Ballistice,” writtes by N.B.
Serebriakov, G.V. Oppobov and K.K. Gretea. Selutioas vsre also
wvorkod out for a series of sev probless.

Ia commections with this, coasideratioa was givsa to the
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publicatios of a sev study manual ea iaterior hallistics, which
would be adequate for the increased demands of amcders artilievy
techaology and which vould offer materials and methods for the
further developsest of this brasch of sclieace.

The proposed ssaval differs greatly from the textbook

published in 1939. 1[It costaias a series of mevly writtes ssctioss

and chapters, which preseat solutioas of probless is complex cases
reaultiong fros the developmsst of artillery techmology.
The mnaaual reflecta as extessive methodical study, carried
out in the Interior Ballistics Departeeat of the Artillery Acadeay
during the yeara of the Great Nomeland War (World Var I1) and
subsequently to it.

t Basically, the couras was put together from studies sad

; iavestigstions of our Soviet scientists, iacluding lecturers of

the Interior Ballistica Depsrtment of the Artillery Academy.

Studies of foreign authors are utilized osly for the purposas
of clarification of the hiatory of ome probleas or asother. Those
| relate saialy to studies os isvestigations of posder comstion,
and os sose others coaducted prior to 1925.

The course is designated as a basic study maaual for atudests
of the esgimeering departmesta of the Artillery Acadesy asd other
fustitutionn of higher educatios. Also, for the guidance of
esployees of desigs officea, factories, isstitutes asnd laboratories
active ia procesaing, isveatigating &id creatiag mew types of
- . artilleory weapons and amiwnilios. The book should also be of ude
\ tc a vide circle of sciestific vorkers, esgineers and studests is
advanced courses of institutioas of higher education.

7-T8-7327-R%
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The cosrse 6 Gamfpused of the iatreductioa and three sectiens.

For the oaW ”‘L the iatroductiea 1is newly writtea. Special
enphasis is p“ 409 the relatioa of imterior ballistics to the
design of artslibemry t”co and ammuaition. A sew chapter eatitled
“From the Ristewy of the Developmeat of Iaterior Ballistics” was
vrittes, streeding the feadiag part of Busaian scieatiats prior to
and after the @ehubar serolutioa.

The first m entitled “Phymical Priaciples of laterior
Ballistics™, ﬁ“a account of the physical prisciplenm of
iaterior ballssties aad of the phenomena taking place duriag firing,
from the start “pd‘& coabustion to the &xd of the period of
the after-effects aw #@ubdS on the projectile and oa the gua barrel.

The basic OPatigg 16 preceded here by the firat chapter,
containing 1nforaintsan on povders and their baaic characteristics.

Disregardi @ w*-tou of some specialista, to the effect
that the torms Pypom@betics and pyrodysamics are outdated at the
preseat time, the “connuo- to utilize theae expressions
because of thesy t‘“‘*{ and brevity.

The compopthimut @d arrangement of the material costaised ia
Chapter II, wonevai Pysvstatica,” vaa changed considerably.
Chapter 111, “Snkhiobss analysia of Povéers oa the Banis of their
Phyaical Conbaghian: PealCiples, " vas expanded asd supplemented.
Chapters os the mhil.. 22 the propriety of this or asother law
cf combusties D”J mind@. tatreduced in conformance with the modera
status ef problawtl ad ¢fa theory of povéer comdustioa.

Nev msterial uwing ‘&d to Chapter 1V, “Phyaical Priaciplea of

Pyrodymaaics, ™ ‘M @ nev treatmeat of some prodlems (the effect

7-T8-7127-0K v
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of chanber expansies, the dependence pg. - Py -~ Pgi!)-

Chapter ¥ presests matarial oa phononssa consected vith the
escape of gases, on the durstios of the after-effects of gases oa
the projectile, os the maximua receil apevd and prejectile velecity,
ssd o the conception of the forces actisg oa the barrel vhea
usisg s suazle brake.

Section 2, eatitled "Theory sad Practice of Bolviag Iaterior
Ballistics” Problems (theoretical sad spplied pyrodysasics), presests
analytical, empiricsl, tabular sad muserical methods of solviag
problems ia interior ballistics. The moat importast practical task
of interior ballistics, the balliatic deaigs of weapoms, is discuased
ia the laat chapter of this section. [In this cosaection, a seriea
of atudies conducted by Bussian acieastists duriag the past tea years
was utilized.

The iatroduction to the second sectioa comsiders the tssks,
snd givea a clasaificatios of the sethods of solutios. The precise
method of Profeasor N.P. Drozdov, first published is world literature
i 1910, ia referred to is Chapter IV as a basic emasple. Similsrly,
a sispler approximate solwtios of the basic probles of isterior
ballistice is also dincussed. Theoreticsl]l solutions sre sccospasied
by dotailed solutions of examples. The sethods of solstios of
Professcor 1.P. Grave and Prefessor G.V. Oppokov sre explained. The
chapter 0s the iavestigatios of dasic relstiens for s simple csse

is rewrittea nad rearrasged. It offerc explasations of the

priacipal types of eiembuis of ballistic curves (p, v, ¥, T/T) ss

functions of [).
A mew chapter is iatroduced oa the solution of the probles,
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on the bhasis of the physical principle of cembustios, ia
sceordance with the methed of Professer N.E. Seredriakov.

Chapter Vil, "Muserical Netheda of Selution,™ was hkept
such chasge.

Chapter VIi1, discussing enpirical sethods and tables, was
considersbly abbreviated, becsuse the former loat their faportsace
with the existence of precise tables compessd on the basis of
asalytical formulas. At the same tise, the correctios tsbhles of
Profeseer V.E. Slulkbotzki were adéed.

Ia Chapter 1X, "Tabular Methods for the Solution of Iaterior
Ballistics Problens,” the fusdamentals for thé Compilation of tables
vere re-writtea, and materinl wan sdded on the aev tables GAU 1942.

The ides of the method of relstive varisbles and = reduced
aumber of paraseters, evolved duriag receat years by Professor
8.0. Ohkumey, Professor ¥.7. Drozdov, Lecturer N.8. Gorokhov and
L.I. Sviridev, is iastroduced iz the course for the first time.

The theory of similsrity is s0 arraaged that its prisciples
follow inherestly fros formulss used as = basis for the cospilatioa
of ballistic tables.

Chapter X, “Ballistic Deaigs of Veapons,™ is completely re-

writtea, offering nev methods for solvisg this prodblem. It imcludss

the theoretical subatsstiantion sad sev criteris relstiag to tacticsl
and technical requiresests. The “directiosal diagras,” especislly
developed by the author, permits a considerable reductios of the
sumber Oof variaats ia cslculations. Is this cossectios, as
evaluatieos of gua life by the swthod of Professor V.E. Slukhotzki is

1atroduced.
r-78-7337-R8E




The third sectiea, "Selutios of Iaterier Ballistice Predless
ia Complex Cases,” gives selutiens of isterier tallistics prebless

for certais special cases of great iaterest ia practi-~al applicatioss.
Per iastaace, Chapter X1 iacludes:

1) The scolutios of predleas for combimatioen prejectiles; which

are ssalytical and apply the GAU 18432 tsdle.

2) The rolution of predlems for meriars, ¥ith considerstios of

f

the partisl escape of gases threugh the clearance,  sad with reference f
to & detailed example of calculatios. g
3) The solutios of imterior ballistics problems relstiag to }

. progrexzive a.ccolcnuoa. treated by Professor G.V. Oppokov.

The 12th and last chapter clarifies peculiarities of bdallistic
weaposs having a comical bore, amnd offers ideas 05 the desiga of
those types.

In thim way, the ceurse covers the grester part of the basic
problens of moders imterier ballistics.

The major portios of the study vas writtea by Profeseor N.E.
Serebrinkov, Doctor of Techsical Scieaces, Active Member of the
Acsdeny of Artillery Sciesces, Major-Geseral of Artillery Eagineering
Services. About six pages of prismt were writtes by Profeseer
G.Y. Oppoiov, Doctor of Techsicsl Sciences, Major-Gemeral of
Artillery Zngineering Services.

The authors exprees deep gratitude to the corps of lecturers of
the Departssnt for criticisa is revisviag tis maual, aad to
Profassor D.A. Veatnel for a review of the study dad for a series of
valunbdle commeats.

The muthors al30 express gratitude to the Jusior sciemtific
r-18-7327-28 viiy




collaberater P.1. Liserkin, vhe made & series of dasic calculatiens
. asd provided examples; and to the editor, Celosel-Engineer B.V.
Saireaskii, for his great services ia the preparstios eof the
manual fer priatiasg.

8. Serebraikov
G. Oppedov
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THE OBJECT AND TASKE OF INTERIOR BALLISTICS

Artillery - the maia strikiag fire pever ¢f the Soviet Army.

The basic missies of nrttilory ia combat consists of strikiag
targets vith projectiles fired from weapens with one or asether
imitial velocity. Thene targets are oftea located at a great
diatance avay oa the grouad, Or at a givea poiat ia space (firiag
at aerial targeta). [Is sddition, it is required at times that the
projectile atrike the target at a givea amgle of impact or with
& givea velocity (i1.¢., ia the penetretioa of arwmor).

The projectile is trsasmitted to the target by firing fros
a weapon. Accurate fire appeare to be the basic elemest of
artillery effectivesess.

The dincharge imparts motioa to the pistol bullet, aa well
as to the deavy projectile of battleship guas or to the armor
ptercing shell of an anti-taak gus.

Ballistica, one Of the priscipal specialized, techaicsl
brasches of artillery sclences, ia coacermed vith the atudy of
the lawvs goveraing the projectile’'s motios ia the bore of the

vespon and ia the atr.
Two priscipal periods may bé distiamguished jia the motioa of

a projectile.
1) Notion withis the bore of the weapeoa duriang the discharge,

vhea the projectile moves 4t a constantly iacreasiag velocity aa
a result of the preasure of povder gases, sad leaves the dbere of

the weapoa vith a gives, so-called muzzle velocity /L
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2) Wotioa or flight 1a the air of a projectile discharged
from a veapoa vith 2 suszle {maximum) velocity, asd undergeing the
offects of gravity and of air resistsace vatil the momeat eof
impact vith the tsrget.

1a coamectioa with those tvo periods of motioa, ballistics.
are divided i1nto two basic aections: iaterior ballistics, and
exterior ballistica. This ia éone on the daaia of the characteriatics
of the phesomsena aad proceasea studied.

Exterior balliatics are a study of the flight of a projectile
from the moment of ita departure iroms the bore, or from the ead
of the period of after-effect, when it hsn ita higheal velocity,
to the moment of impact with the target. By detersiaiag the
prisciple of air reaistasce to the motioa of the projectile,
exterior ballistica permit deteraiaations of the aagle to the
borisoa, and velncity, with vhich a projectile of 2 given caliber,
veight and form ahould be fired i1a order for it to atrike a target
at a given distance, af 1 givea anglec of fall and vwith a givea
velocity, or to paaa th/r h a givea poiat of apace (firiag at
aeriml targeta).

Iaterior balliatica are a atudy of phencmens and processes
taking place duriag the discharge, and, particularly, the motioca
of the projectile iz the bore, the characteristica of its
acceleratioa, and the prisciplex of the povder ganes’ pressure
grovtk (see figs.i aad 3). The discharge itseil represeats »
procese of the very rapid coaversios of the iaitial chemical
emergy of the powder iato tuermal, and thea iato a kisetic esergy
of sotion of the projectile - charge - darrel -~ gua carriage systes.
7-78-7337-RB x4




The coaveyor of eaergy, ispartiang metien te the projectile and
to the eatire artillery system, is the powder and the gasead formed
durisg its combustios.

The discharge procesa lasts hundredths or thousasdths of a
second. The maximum pressure reaches 3000 atmdspheres and more.

The teaperature of the povder gases si the momest of their
formatios duriag the powder cosbustioa resches searly 3000°;
while at their emergesce from the bore it is arousd 3000°.
Nevertheless, the process of discharge is usiform, costrollable
and stable from ose discharge to amother.

The priacipal asnd very valuable characteristic of msodera
sackless colloid powvders, that they Durs reguiavly ia parallel
layers at a comparatively lov speed, coastitutes the basis for
this uniformity and stability of the discharge process. Usiag
this characteristic isterior unuuc-' teaches hov to make
rativaal use of the powder esergy at the time of discharge. It
facilitates costrol of tha discharge phenomenes i.¢., of regulatiag
the iaflux of gases isto a bore durisg powder combustios, is
relatioa to charge conditions, ia a masaer which will prodece the
regquired patters of pressure developmest and the desircd muzzle
velocity of the projectile.

The discharge phenocmenon clearly sheows the isterdepesdence hetwvees
the elesents and factors. Yor iastance, the motios of the projectile
depeads os the pressure of powder gases, while ihe pressure itself
deponds oa the coubustion of the pewder (accelerated with aa i{ncrease
of presaure) as well as os the iscrense ef sjyace behind the pro-
Jectiie, the latter factor depending oa ihe velocity of the m}octﬂcf

As a result of experimental and theoretical iavestigations of the
usiforsity of discharge, interior balliatics permita the solution of the
P-T8-7337-RR xit




fellewing fuadamesntal practical probdlems.

'
v
1
h |
i
§
.
.

. Fig. 1| - Gas Pressure and Projectile Velocity
Curves as a Punction of Time
1) period of after-effect

N _

- Pig. 2 - Gas Pressure asnd Projectile Velocity Ceurves as
a Punctioa of Shell’'as Trajectory

IS T

The first fuandameatal problem of isterior ballistics is to

édetoruine a method of measuriag the povder yasea preasure aad the

7-T8~-7327-R8
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1a particular to determind the maximes pressure py asd the suzzle
velocity Y% of the projectile.

The second fundameatal problem of iaterior ballistics is the
problem of the ballistic desigan of weapoas. This problem coasists
of a deterainatioa of the deaiga factors of the barrel of a gua
and of the loasding comditioas (veight of charge, volume and form
o! powder) which will give a projectile of a given caliber aad
veight with a givea suzzle velocity, at s certain maximus gas
pressure.

The firat problea is incorporated {m this sore geseral taak,
az the final atep.

fa addition to these fundamental probless, interior ballistics
Rerve () solve a coamiderabdble number of related problems of an
czperimental and theoretical nmature, vhtc!-n’ponlt more accurate
definition ‘ol our concept of the discharge phenosemon.

The scope of iaterior ballistics covers the favestigation and
analyais of coaditions and factors coatrolling the characteristics
of gaa pressure aad projectile velocity variatioss ia the bore,
the determinatioa of geaeral rules coatrolling the discharge phe-
nosenon and processea occurriag ia this phencsenon, the treatseat
of methods fer selviag theoretical and experisestal probdlems
arisiag in the iavestigatioa process, the treatmeat of special
equipmnest for iavestigating phemomena ooturring duriag a discharge
and the wthodd of utilizimg such eguipment; and tae expioratios
of ways leadiag to the further developmeat of isterior ballistics.

Vith respect to its scope, taterior ballistics offers an

r-18-7337-22 xiv
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sausually wvide and variable field. [a the process of isvestigatiag

115 aumerous iaterdependeant processes pad phencaena, ose will have
to deal with a large aumder of parasetere, variable valwes and
characteriatics ef veapoas, projectile and charge.

Therefore, in a deterainatioe of relations betwesa varioss
valuen characteriziag a discharge, an vell ae ia solviang probleas
of interior ballimtics, it is aecessary to approach the phenosenca
imitially through its basic characteriatica, to simplify it and
give a schematic solutioa for some not quite precise assuaptioas;
then to proceed to a clerificatios ol.tho effects of secondary
fectore; and havieg found theee, to imclude thes imto tkoﬁ
elementary echematic functioas, thu.. expanding the letter snd making
thes sore co-plo;. Of course, this type of complex erramgemeat
of tha varioue proceesee, vhen expreased mathematicelly, reaults
at times in quite complex functiomns reprementing relations betwveee

the daeic wvaluee.
The folloving bamic processee are dietinguishable im the

discharge phemomsenoce:

1) The process of powder combuetion and the productiona
of high~temperature gases, atroagly compreased aed coetaiming a
large reserve of ensergy. The rate of powder combusties, or the
rate of its explosive comveraioe, depende bamically om the
preanure aed temperature of the gasesn, aed ee¢ the temperature
and characteristics of the powder.

3) The process of the coaverszioe of the thermal esergy,
contanined in the heeted aad mtrosgly compreased geses, 13to kimetic

ensrgy of sotioa of the projectile - charge - barrel systea.

r-T8-7337-RE xv
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3) The processes of projectile motion, barrel recotil, asd

m0tion of gases of the charge, all overcomingz a ausber of ¢ifferest
resistasces.

All these proceasea sre imterrelated, take place aimultamecusly
and exert compleseatary effects. )

For the purpose of etudyimg the first seriea of proceases, it is Tf
secesaary to be familiar with the priaciples of physics, physical }
chesiatry, thermo-chemiatry and the theory of explosive audbstances,
because powder is a propulsive explosive aubstance. Geseral phbysical
principlea for gases are also applicsbdle to powvder gasea, wvhile the :
rules of chemical kinctics apply to the combustion of powder.

Yor the purpose of inveatigatioa and calculation of the emergy
conversion process on the bssis of thermsodyaamics, a balance of
energy in s diachargze is compilad, with a calculatios of hest
accusulation sand of its expenditure for the performance of varioua
extermal fusctions and the heatisg up of the gus bore wall. IJa
thia coanection, the first prisciple of thermodynamics ia utilized.

Priaciples of theoretical sad spplied mechamica and of gas
dysasics are spplicsbdle, and sre utilized for ss isvestigatioa of
the projectile, gas and darrel motios, and for the calculatios of
resiataace forces.

All these processea are expressed by definite mathematical
fumctions and forsulaa, which permit isterrelating the elements of

the discharge rnd comditions of chargiag, and wvhich yteld solutions

te s wvhole series of prodleas arisisg in an analysis of ths phesomana

of s discharge.
r-78-7327-% xvi




It 18 clear from the above stateseats that 1aterior ballistics

utilizes the follovisg branchea of science is the meldiag of its
fundameatals: phyaics, physical chemistry, theory of explosives,
thermodysanics, theoretical and applied mechaaice, and mathematics.

Because the diacharge of weapona ia the object of its
inveatigatioas, interior ballistics shows their specilized techaical
artillery character, in conformamce to their tasks, os the basis of
a complex application of all those general techaical branches of
sc ience.

An artillery ballistic mpecialist should detect cosditions which
perait the most advantageous exploitation of the "npoi and its
charge, and the best possible perfection of discharge coatrol. Ne
can exert influence on the type, volume and foras of the powder, the
design and weight of the projectile, the design of the weapoa aad
the reolation between chazber voluse and bore. Combiaiag all these
factora, he should attieapt to msodify the reaults of the diacharge
process to conform 10 practical requiresents.

BREAKDOVE OF INTERIOR BALLISTICS INTO BRANCNES

Interior ballistics investigates ths most complex artillery
phenomena, the discharge, and teachea hov to coatrol it. That is,
how to calculate the design of the bore, and to regulate the efflux
of gasea, ia & cembuation of powder, in a manser iaseuriag the
attainmeat of a given initial velocity of the projectile at a gives
value of maxisum gas pressure.

The experimeatal isveatigatioa of the phenosesa of a diacharge

and the coanbhustion of powder considera the aimultaneous effects of
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the followisg factors, distiamguishing the phencmena of discharge

fros the coason physice-chemical processes:

1) Nigher valwe of pressure (2000-3000 atm. and more).

2) BKigh tempurature of powder gsses (2300°-3500°C).

3) Short duratios of the phemomencs (0.001-0.060 sec).

4) Combustios of the povder ian s vsryiang space, with the
performance of vsrious types of fuanctions by the gases.

Fowder plays m decisive part in the phemomena of discharge.
Therefore special consideratios should be givea to the imveantigatioa
of the principle of gns formatiom in a combustion o7f powder is the
bore at the time of dischsrge.

The principlem of gas formation are first mtudied uader mimpler
conditions, in an invarisble space, by igaiting charges of powder
in special, so-called manometric bomba. The latter permit brimging
the preasure up to 3000 atm. and more. The iacrease of preasure ia
this type of boamd durisg the igaitios of n given chsrge of powder
is regintered by means of special devices.

Because the voluse 0f a mamometric bosb, ia which the cosbuation
of powvder occurs, remaias coastamt and the gases do mot perfora asy
wvork, it im enmier to iavestigate the primciples of gas fcraatios.
Knowing the principles of powder gas formatiom im s coastasi zpsce,
it is possible to calculate the chamges for a varisble space where

gasen propellisg the projectile perfora work sad cool off.

In connectios vith this method of investigatioa, isterior
ballistics is usually divided isto tvo basic brsuches: pyrodymamics

and pyrostatics.
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Prrestatics isvestigates priaciples of powder combusties, gas

formation and greaaure developasat ia siapler cases, ia a ceastant

space, AS for inatsace vith sa imsovsble projectile (statics). BRavisag

dotermined thome rules, ve utilize thea tc coatrel the process of
powder cosbustios during a diacharge froa a veapoa.

Pyrodysasica, uming pyrostatic data oa the prisciples of gas
formatiom, isveatigstea the phenomenon of discharge ia all its
complexity, where s conversion of emergy occurs together with the
combustion O0f the powder snd the {.ceptios of the motioa of the
projectile (dynaaics). At the msame time, the gasea perfora a
meries of mechsnical functions and cnol off.

Gaa dynaaics investigates phenomena cossected with the motioa
and emcape of gaaem, such am the eacape of gases from the bore
quring the period of sf{ter-effecta, their escape through opeaiags
in muzzle brakes, through the clesrance is sortsra, through soxzles
of reactive projectiles, etc.

The theoretics! assumptions of pyrostatica aad pyrodymamicas
are based oA and verified by experimenta coamducted ias apecial
1sboratories, as well as on firing reages, by f{irisg conveational
or mpecially sdapted weapons.

Ballistic equipmsent for the investizatioa of phenomeas occurrisg
in a diecharge is very extensmive and varied. Ita deaign, prisciples
of fusctiosisg and methode of utilizatioa are coantained ia a special
course, eantitled "Experimentai Ballistics.”

TRE INPORTANCE OF INTERIOR BALLISTICS IN THE
DESIGN OF ARTILLERY

The theoretical snd sxperimestal inveatigstion of the phesomencn
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of discharge fscilitates the solution of predlems of the ballistic
demigm of weapoas. Im a balliatic desiga, the desiga factors of
the bore, the weight of the charge and quantity of pevder are
determined for a givenm calider and weight of the projectile and
for ita muzzle velocity. Subsegquently, the prisciples of gas
preanure variatioa inside of the bore and the priaciple of projectile
acceleration ia its motion aloag the bore are calculated. I
addition, calculations are made on the gas pressure varistioas and
velocity of projeciile during the period of the after-effects of

Zases on the projectile and the gun carriage.

The resulta of the calculations are represeanted im the form
of curves p, X and v, £ being a function of the trajectory, the
curves  , t and v, t as well as V, t (where V is the recoil mpeed)
as a function of time (figs. 1 and 2).

Thess data, obtained by a solution of iaterior balliatica probleas
for a seiected variaat of the ballistic denigs of the weapoa, are
elementary, and basic for tbhe subsequent calculatioas of the barrel,
carriage, projectile, charge, fuze and ahell case.

On the basis of thcae data, obtained in a molution of iaterior
ballistica problems, the gunm designer calculates the barrel (thickanens
of wall, weight of barrel, design of breech block asseadbly, location
of center of gravity). BRe calculatean the form, depth asd width of
landa and grooves ia the bore, and treats the desiga of the couater-
recoil facilities, as well as the gum mouat ia gemeral. The
assunitiona deaigner calculates the body of the projectile and its
drive collar for streagth, calculates the charge of explosive asubstaace,
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the shell case and the primer cup; ho dosisns the fuss mechaniss

and tine fuzen. The technologist at a powder factery calculates
and desigas preeaing diee and determines the techaological process
of powder preparation oa the basie of a givea form sad grais size
of powder.

In thie manver, a eeriee of braaches of artillery sciences
are used for the deaign and buildiag of aev veapons snd ammesitios
for thum. These nciences are ifaterior sed exterior bdallistics,
etreagth of weaponm, the theory of gua mouats, the theory of fuse
and projectile deatzgn, the technology of povder and explosive
aubstancas, and wmetal working. Ia thie connectioca, iaterior
ballistica provide the principal and fuadasental iaformatioa.

The denign of a rather complex aggregste, such as t!n sodern
artillery veapon vith its attached fire control devicee, aad of
ite ammunition, ia a product of the results of prolemged calculatione

Bach of the component parts of that aggregate requires ‘for its
maaufacture a complex and proloaged techsological process.

THE NISTORY OF THE DEVELOPMENT OF XlﬁllOl BALLISTICS _

The hietory of the development of jtaterior ballistics is imseparably
conmected with the geseral developmsit of artillery.

The origin of firearms and the history of the developmest of
artillery up to 1860 is preseated in the well knowa article of
Bagels eatitled "Artillery” /1 /. Witheut referemce to the esrlier
stagee of thie developmeat and the coeversios frem a home iadustry
to the factory sethode of wveapons and ammusitios productioce, we

quote an extract from that article os the developmeat of ballistics

r-78-7327-2% xx4

e oY e S




as & scieace:

“The end 0f the 17th sad thes beginsing of the l8th ceaturies
comprised the poriod vhea artillery vss finally iacorporsted iato
the ailitary orgasizatioas of a majority of couatries, the
elimination of its medieval guild charscter, saé its recogaitios
B8 B apecis] military brsach, prosoted its adaptstion to sormal
and rapid development. Thia reaulted ia s» slnost imnstaatanecua
and quite sppreciable progresa. The diversity snd irregularity
o! calibers and types became apparent, aloag with the usreliability
of all existing empirical rules and the complete lsck of precisely
‘determined principlea. It became impoaaible to eadure these
conditions any loager. Therefore large-scale teata were coaducted
everyvhere, ia order to clarif{y the probleas of caliber, the
relation of caliber to charge, aa vwell aa of the leangth aad weight
of the gun, the diatridution of metal {a the gun, the range of fire,
the effects of recoil on the gun carriage, etc.

The reault of thia waa a aigaificant sisplificatioa of calidbers,
better dimtribution of metal ia the gun, aad a very coasiderable
reduction of the charge, which then amouated to from ome-third to
one-half of the weight of the projectile.”

In Russia, Peter I exhibited a great deal of iatereat ia the
development of srtillery. HNe persoaally wrote the "Guide to the
Utilizatioa of Artillery.” During the reiga of Peter I, the Rusaiaa

artillery becsmse one of the best ia Rurope.

The progress o} artillery sciemce, mainly in the field of

inventigatios of projectile flight and air resistance (Galileo,
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Beraowilli, REuler asd ethers), raa parallel to the organizatiosal

sad tacticsl improvemests of srtillery.

ia hia claasics] study estitled "Nydrodymaaica,” Dastel
Berwocuilli gave the basic kaovledge about gases, introduced to
scieace the cosceptios of as expansios of gases is CORSOQuUEnRTe
of their buoyaacy, and showed h0v oa the bdasis of this expansios
to calculate the motica of a projectile is the bore of gus.

The famous mathematiciss Ruler, seaber of the Russias Academy
of Bciencem, gave coasideradble attestioa is his studies to the
iavestigation of proceases ccourring ia the bore of a weapos. HNowever,
as a result of the ln.ck of n.ul for experimental isvestigatioa
at that time, hia atudiea were lizited to the setting up of
probleas.

In the middle of the 18th century, Bobisa submitted the [irst
iastrument for determimations of projectile velocity. <Cailed the
"ballistic pendulus,™ it wes used up to the 1880°'s. 1Is Robinms’
study, entitled "Nev Priaciples of Artillery Scieace” sad vrittes
in 1742, ballistica were first divided iato exterior sad isterior
ballistica. s thia commection, the acope of isterior ballistics
wvas deofined as follovse: "Enowing the leagth and caliber of the gua,
the weight of the canmos ball, the powder charge and the elastic
force at the first mosest of igsitios, to determine the valocity
with which the projectile will depart from the gus."

The technics] reorgasizatioa of the srtillery proceeded parallel
to the theoretics)] and experimestal iavestigations. T7This embraced

the reduction of the aumber of calibers, isprovemeat ia chargisg

K e e Vs e e

sad sechaaiens, and incressing ccabat quslities.
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The period 17501760 witsessed a great step in the development
of the Mussian artillery. At that time, a sumber of mev artillery
types ("uaicoras™) were iatroduced under the leaderahip of Couat
P.1. Shuvalov. Also, the loading of the guas was modified by the
introductios of powder bags for the charges; and sew orgasajzatioa
of the artillery wam effected. Shuvalov's "“unicoras™ exhibited
supsrior cosbat propertiea sot oaly duriag the Sevea Year Var
(1786-1763, when the Ruaninn armies occupied Berlia), but also durisg
the Nomeland war of 1812, particularly ia battle of Borodiso. These
artillery typea laanted for nearly ose huadred years, up to the
utroducu.oa of rifled guns. The basic personalities active ia the
reorganization of artillery ic other countries (Priedrich 1l of
Prusaia, Grideval in FPrance) to all inteata folloved ia Shuvalov’'a
footateps.

Fuadasental theoretical aand experisental ballistic inveatigations,
which produced proper aasumptions about the phemosenmon of discharge
and its usiformity, were coaducted beginning with the secoad half
of the 19th ceatury, on the baamia of the general developmoant of
techaicology and a series of related branchea of sciesnce.

The first theory of powder combuatioa, publiahed abroad ia
1857, was writtea by the Rusaian chemist Shipkov and the Germaa
chomint Tunsen. Ia 1860, Captain A.P. Gorlov wrote an article oa
the motion of the projectile ia the bore of a rifled gua. Aa
adbstract of thia article wan coantained ia the reporta of the Paris
Acadeny of Bciences in 1882. Ia 1588, Coiomei §.P. Fedorov determined
the effect of powder combuation conditioms oa the composition of the
r-T8-7327-RB xxiv




products, by firiag a pistel and a feur-pound canmea. These

studies 1anid the fouadation for the developmeat of preper
hypotheses on the coulnstion of powder ia a discharge, aad were
used in much later studies by suserous researchers.

Bignificast progress of experimental ballistics, expressed
ia the appearance of tvo basic instrusests vhich are still videly
used ia our tises (the chromograph of Le Boslanger for measuremests
of projectile velocity and Nobel'’'s crusher gage for mseasuresents
of powvder gas pressure), occurred ia the 1880°'s.

The crusher gage, vhich permits estimating gas pressure oa
the bamis of the OOI'I’OII;OI of » copper columa, laid the fousdatios
for the development of a specis] brssch of experimsats] ballistics,
“manometry,” and promoted the productios of mamometric bombs. The
latter facilitated imvestigstions of the prisciples of powder
cosbustion at high pressures.

From 1863 to 18735, Nobel and Abel ceadicted experimests oa ihe
1gnitioas of black powder is a masometric bomb. They deteramined the
qQuantitative and quslitative composition of combustion products,
their thermal capacity, the amousts of enissidle best, combustion
tempersture, and also the dependence of the sazxisum pressure os
the power of the powder aad usiformity of charging.

Thesc investigations were based on studies of the properties
and cheracteristics of powder coabustion products in s discharge,
=made carliar by Ehiphkov, Bunsen and Fedorov.

Duriag the secoad half of the 19th ceatury, the geseral
principles of a knowledge of heat and of the kisetic theory of
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geses, 28 vell as the fundamentals of chemistry and other branches
They

of sciensses, doveloped parallel te the above faveatigatiosa.
permitted obgaining a acientific theoretical baain for the process
of powder combustion, aad for the coaversioa of the esergy of
povder gases iato the kisetic emergy of the projectile and of
the gases.

The differeatinl eguntion was iatroduced ia 1884.
this equation served to determine

On the bdasis

of the first law of thermodymasica,
the egquilibrium of the emergy emitted during the combuation of the

povder charge and the emergy expended for the performance 0! nuserous

fuactions (Beszal).
The Prench acieatianat Cappo used thia equation im 187¢ for

solutions of prodblems occurriag ia artillery practice. Cappo'a

formulas were the bamic fuactiomal balliatic formsulam, ia slmont

all couatrtes. In our country they were replaced by the formulas

of A.7. BDriak, aand later by the formulas evolved by Profeasor K.P.

Drosdov from 1903 throush 1910. (See detaila farther oan).

A great coatribution to the development of mot omly interior
balliatics, but also of artillery ia geseral, was made by the

inveation of smokelean powder: the pyroxylia powder of Vel (Fresch

scientist, chemiat, powder specinlist, 1884), the aitroglycerina

powder of Nobel and Abel in England (1888-1889), and the pyrocolloid

povder of D.J. Nendeleov

After improving the
registratioa of the preasurs increase as a fusctioca of time, Vel

ia this couatry (1880).
manoaetric boab and equippiag it with

deternined the difference between the practically izztantassous
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combustioa of black powders and the waiform gradual cembustioa of
ssokeless calioldnl povders. This pernitted regulation of the gas
supply by varylag the dimensions of povder e¢lemeats.

A mew type of powder waa prepared as s result of mumerous
theoretical aad laboratory atudies. [t wvas smokeless, colloidal
oa a pyroxylin basia, and vas obtained by as ethyl alcobhel compound

treatment of pyroxylia exploaive substance. Vel prejected aad

prepared a strip-type, pyroxylia powder for a 65 ma gun. By firiag,

he obtaimed results fully verifyisg calculated data. The mevw
powder proved to be almost three times as poverful as black powder,
and produced a sigaificant increame of projectile velocity, with
a lover pressure of povder gases ia the dore.

Aside from the elimination 0f emoke Oa battlefields aad a
coasiderable increase of the range of fire, the iatroductioa of
ssokelean powders also caused a modificatioa of battle tmctics.

In Russia, a specimesa Of the Preach pyrosylis powder was
obtaised. Experimenants toward its production begaa ia 1887 at the
Okhtensk gumpowvder factory; while firimng teata with it were
conducted by the research committee of the asme factory.

The famous Russiaa chemist D.1. Neadeleev ia the 1890's
developed a special pyroxylia poevder, which offered suserous
advantages in a comparisos vith Vel's povder. However, the
Artillery Committee rejected the povder of D.1. Neadeleev for

arsasont purposea, uader the faflueace of the at that time cuatosary

meglect of the promimeat personalities of Russiaa science, and the
worship of all that waa foreiga. The value of thia povder was
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properly recoguined is the U.85.A. vhere it van adapted for armamest

purposes. Duriag thke poriod of the first werld war, 1814-1818, the

Museins arny obtatned considerable quantitiss of the pyrocolloid
powder from the V.8.A.

Diaregarding the fact that the techmology and industry of
Toarist Bussia vere at a lover level thaa the foreigs standards,
our ballistics scieatintics frequestly surpassed foreiga researchers
from the theoretical poist of view, and played a leading part is
the trestment of muserous problems. MNaay of their studies vere
ismediately seat abroad and utilized. Ve have already msestioned
the ocutstaading studiea of Shipkov, Gorlov and Pedorov from 1837 to
1888.

The first course of interior balliatica in Russia was writtes
by Colonel P.NM. Albitzki im 1870, and read at the Artillery Acadesy.

Ia 1879, Colomel Kalakutzkii, a pupil of the Artillery Acadesmy,
published a study oa teats conducted to determine coaditioas of the
developmeat of abnorsal pressures is firearm bores, whichloag before
Vel, touched os the probles of the propagation of uadulatory gas
motios. Nis studies vere traansferred the following year to Prasce.

Colomel V.A. Pashkevich, a very akilled aad talented artillery
mas, became successor to Albdbitxzkii. Pros 18835 to 1891, he wrote
& course ia {aterior ballistics: Part 1, theoretical; Part 2,
experimeatal. Is 1892, these books were traaslated i1ato Eaglish
ia the U.8.A. Nis fastructioas os experimseatal balliatica vere
used at the Artillery Academy, for masy years afterwvards.

From among the most diatinguished scientiuts active during the

second half of the 19th ceatury amd at the begiamimg of the 20th
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century ia the develepment of theeretical asd experimeatal

ballistics is Russia, it i preper to meatien the fouander of
wvorld-vide iaterior hallistics, Prefeseer of the Artillery Academy
R.V. Manevakii (bdora ia 1823, active frem 1850 te 19032,) and his
pupil and follower K.A. Zabudakii (bera in 1833, active from 1880
to 1917).

Although these tvo aciesntiats acquired their fase through
studiea ia the field of exterior ballistics, they have made great
contributions to the developmeat of isterior ballistics.

For example, prior to the desigs of a 60-pouander amocoth-bore
gun, nnd before the iavestigatioms of Nobel, Mampevskii aubmitted
in 1856 as original method of determining the povder gas preasure
At varioua cross mections of the bdore of artillery weapoas.

The gus calculated by Manevakii wan built, and, vhen tesmted,
showed comsiderably better reaults thas the guas competiag vith 1t
and Duilt from the desigas of other people, including Eangliah
scieatints.

In 1067, N.V. Manevskii orgasised special teats for the
experimental determination of the projectile travel ia the bore
of a four-pounder gua as s fuactioa of time. PFrom thia informatioa,
curves of powder gas preasure is relatioa to projectile travel and
time were plotted by means of calculatiosas.

Thia atudy was of great impertasce to the develcpment of

faterior balliatics and the design of guas.
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N.¥V. Manevskit

Is 1878, N.V. lanevskii wam elected correspondisg menber
of the Acadesy of Scieacen, {"People of Ruammiamm Scieace,™ published
by the Academy of Science O0f the USSR, 1944, volume 11).

Professor of the Artillery Academy N.A. Zabudskii, a pupil
and successor of X.V. Manevekii, was greatly aad succemafully
active in the theoreticsl direction, ss well su 1ia the field of
the develcpmeat of srtillery technology.

ias 1911, the Preasch Academy of Sciencen elected N.A. Zadudskii
to correajpondiag meabership of ita department of mechamics, ias
recognition of his sciestific sccoapliahments {a ballistics. 1Ias
the 1191d cof iaterior ballimtica, N.A. Zabudskii comspleted is 1904
a study oa iaventigations of pressure in the bore of several guas,
and gave numerous eapirical formulas for muzzle velocity and
WAXINUR pressure.

Later, is 1914, he pudblimhed his nain atudy os the experimental
deterninstion of presiure and velocity curves as a fumctioa of
projectile travel in ths bore of 300 man field gus, applyisg for
the firat time to this purpose the origimal method of progressive
shortesing of the gun barrel.

On the basis of these iavestigstions, he gave empirics]l formslas
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for the deopeadence of mussle velocity of the projectile and of
the maxzimem pressure of povder gased On the variatioa of auwmereus
cosditions of chargiag (veight of charge, veight of projectile,
volume of chanber, size of powder).

This fundaneatal study of N.A. Babudskii had a major share
im the evolutioa of proper aseumptions on the depeandencies im the
bore of a weapoa during a discharge, and 1is used ia part up to
the preseat time.

In 1892, Coloael A.F. Briak beganm to lecture ia the course of
imterior dallistics at the Artillery Academy. la 1901, he wrote
a complete course of iaterior ballistics. For thia purpose, be
used the formulam of Cappo, and mew expressioas for coefficieats
and expomeata for pyruoxylin povders. These appeared for the first
time ia literature. Ia additiom, he subaitted hia owa empirical

forsula for the preaaure curve.

N.A. Badudekii
At the time, thia course vas the most cosplete amoag all systess

of fastructioa kmowa abroad, as thea aoted by Professor N.P. Drosdov.
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This course of iatrectioa vaa traasferred to Germany and the

U.8.A.
Ia 1803, Colosel N.7. Drozdov, lecturer at the Artillery

Acadeny, subaitted aa article, contained iz the Artillery Jeuraal.
it saa the first mathematically precise solutioa ia world
literature of a baaic prodlem of interior balliatics. It had none
of the sinplificatioss uscd prior to thst time. [a 1910, this
study vaa cousiderably ealsrged, and pudlished 1a & separate
editioa. It waa offered by hia as a dissertatioa toward the
attaineent of a degree.

The tsbles coupiled by hia in 1920, on the basis of hia
solutionm, coatributed greatly to the mimplificastios and apeediag
up of ballistic cslculations, and to the solutioa of a neriea of
varied problems relatiasg to the ballimtic desigs of guas. Also,
they served aa a prototype for a vhole series of detailed tablea
compiled lster oa. (Bciemce nad Research, Iastitute of Artillery,
GAU) .

The first dissertstioa study om interior ballistica is Buaaia
was vritten asd defended in 1904 by Captsim of the OGuard 1I.P. Grave,
instructor at the Artillery Acadesy. Thia study dealt with the
experimental and theoreticsl iavestigatios of the priaciple of
povder combustioa rate and preasur? developmeat 1a the comsbustios
of powder is a comstast apace. The study was of comsideradle
scientific faterest, and vas tramslated in France ia 2 somewhat

abbreviated fors.
ia 1908 appeared the atudy by Charbosse (Frasce) estitled
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"Isterior Mallimtics.”

Be proposed the diviaios of iaterior
. balliatica i1ato the fundamental bramsches: pyrostatica and
pyrodynanica. He dafined more precisely the coaceptions of preamsure

propulaisa, and the calculation of secoandary fumctioss in a

discharge. While criticiziag the geometrical priaciple of coabuations
evolved by Vel, he presested his own method of determimiang the
prianciple of povder combustion oa the basia of testa im 2 BARORMEtricC ;.V
bosb. Thia prisciple was 2180 used by him ia the 80lutios of the i
bamic probles of pyrodysamica.
The Freach ballistics mpecialiat Siugo, who wrote a couwrde
- of imstruction for imterior ballimtics is 1926, ahould be couated
among the circle of followers of Charbomne vho developed his
solution and rendered it more precise.
Parallel to the theoretical mchool of thought of Charbonnse
and Siugo, there exiated ia Fraasce an empirical approach by Gosso
and Liubil]l who aubmitted solutioass to the problem of iaterior
ballimtica on the basis of utiliziag the renults of a very large
number of dischargea (1922).
The ntudies of the German baliimtica specialiamt Kraaz cas be
mentioned among the experiments]l activitiea of the begianing of
the 20th ceatury. e pudlimbhed a "Course of Ballimtics”™ im three
volumes (exterior, interior and experimestal. 1920 through 1928).
Kramz orgaanized a mpecial balliatic laboratory at the Techsical
NMilitary Acadeny is BDorlia, and iavested 2 ausber of sev iastrusests
for the iaveatigation of discharge phensemena.

Yroms asoag I[talias authors, seation should be made of Bianci,
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vhe gave the solutios to a probles of isterior ballistices (1917).
Uith certais sodificstions introduced by Prefesser 1.P. Grave,
this solution was accepted and taught at the Acadesy of Artillery
for maay years aftereards.

Baviag gives due recogajtioa to thas ltu‘lo-'ot several foreigs
scientists, it would be improper to pass up in silence the
disregard of the works of our mational scieatists by the foreiga
literature oa ballistics. VFor exasple, omne cf the receat thecretical
courses of iaterior dallistics of the Freach ballistics specialist
Viater (1939 discuases widely and ia detail the Freack schorl] of
inverior ballistics ss fundasental ia character, It discusses the
accomplishaests of the Italian school of isterior ballistics as a
brn;ch of the FPreach school of balliatics, sad refere to the names
of English, German aad American acieatiats. Sowever, it eatirely
falia to seation representatives of our nstional BSoviet school of
interior balliatics. Also, sothing is said of the studies of the
diatinguished scientist, Professor N.FP. Drozdov, vho had between
1903 amné 1910 already given the first, mathematically precise
solutioa ia world literature, of the fuadameatal problem of
iaterior ballistics. BNeas‘hile, it is well kaowa that Professor
N.P. Drozxdov im ome of the fouaders of the Soviet school ¢f
balliatics, wvhich comtributed quite a fev valusbhle and pioseer
studies to many fields of iaterior ballistics. This disregard of
Seviet scieatista uadoudtediy ham a political character, ia spiie
of the atatements of burgeoia sciectiats as to the aou-political
nature of acience. ZRvea during the pre-revolutioa period, Russians
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artillery scieatists, usiag developmeat teats of satiesal artillery

and artillery technology, as well as the ideaa of leading foreiga
artillery scieatiats, succeaafully troated and indepeandently solved
the mais theoretical and practical problems of artillery science

is goneral aad of balliatica ia part. The research of K.V.
anevskii, N.A. Zabudekii, V.M. Trofimov, N.F. Droadov, 1.P. Grave
and others are owtstandiag costributions to the scieace of artillery,
and have retaimed their value eves to the premeat tise. The msjor
part of these inveatigations vere printed ia the older and widely
knovn"Artillery Jouraal,” which appeared for the firat time ia
1808. Artillery mad iaterior ballistics underwveant a atill greater
development after the Great October Revolutios.

A nov era in the development of artillery and artillery science
in the newv Soviet state begas with the victory in October of 1917.
The Bolrhevik Party asd the Scoviet Goverameant headed by Leain and
Stalin have eathuajastically aupported artillery scteatiats froa
the very begianing of the exiateace of the Red Army, and have
revised their taak am¢ goala to the preseat aiasios of uaiversal
mtreagtheaing of the armed forcea of the Soviet Uaioa for the
purpose of jreserviag it from capitaliast encircleseat.

Ia reaponse to the appesl to the Party and the goverameat, to
selflemaly preveat the cosqueat of the Soviet Repudblic, patriotic
artillery acientista urgevatly usdertook the task of orgasaizatios
aad improveseat of Soviet artillery, usixg the best traditions of
Buasisam artillery science for the purpose of 7allfilliag thia misaica.

There vere many difficultiea at the beginaiag of this course:
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collespes of the ecomomy, & poor material and techsical fousdation

. for the development of artillery scieace and technology. HNowever
those difficultien vere nursounted, aad srtillery sciesce costissed
to wvork om the further development and the iscresse of the power of
the artillery of the lld_ly-y.

In this coanection, a migaificent pert was plesyed by the
activitien of the Commisnion for Specisl Artillery Research, 1919
through 1926, uader the leadership of the famous Mussiss artillery

scientist V.M. Trofisov.

V.M. Trofimov

V.M. Trofimsov wam born in 1864. Ne gradumted vwith top hosmors
in 1892 from the Academy of Artillery sad gave 25 years of him
1ife to mcientific and practical study at the fiain Artillery Range.
Se was director of this range from 1910 to 1917, and hes doss much
. tor the development mand iaprovesmest of its equipment sad organizatios,
particularly durisg the tise of the war from 1914 to 1918.
Durisg his ntay at the raange, V.M. Trofimov conducted a large

sumber of sciemtific inventigatioms. Masy of his studies were
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langusges.
Por his study eantitled "The Kffects of Shrapael froa the 300

an Gus” (1993), V.M. Trofimov vas avarded the Masskasov and the
greater Nikhailov sedaln.

The poried of particularly inteasive activities of V.N.
Trofimov is coamected with the studies of the Commissios for
Specinl Artillery Masearch (KDSARTOP), which wvas formed through
his isitiative im 1919 for the purpose of workiag om prodblems
conmected vith firiag over very loag distances.

After obtainiag data on the shelling of Paris by the Gersans
over a distamce of about 120 km, V.B. Trofimov uadertook to obtaia
equal results ia Ruasia, and began his efforts in 1918, ta disregard
of the difficult mate:ials conditiona.

Be recruited the aid of several youmg eamployesn of the ramge,
and conducted s mumbder of preliminary javeatigatioas ia order to
find wvays of attaiaiag the designated goal.

Using receat material, V.N. Trofimov submitted hia prizciple
of air density varistion with altitude. Because firiag over very
loag reages favolves variations of air dendity over a very wide
range, Trofimoy utilised, for the first time im ballistica, the
method 0f sumerics] iategratiom of the differeantial equatioss of
exterior ballistics to calculate the tnjoctory (similarly to the
aystem of Buler: breakéowa iatc small pertions asd solution of each
portisa). Per this purpose, he used the study of Academsiciasa A.N.
Krylov, eatitied "Os as Approximate Numerical Seletios of Common

Differestisl Equetioas” (1918).
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After conductiag a sumbder eof iavestigatiens, be determined
condéitiona under which this type of firing is pessibdle, and
domonatrated the feanibility of firiag over rasges uwp to 140 kn.

Exteasive preliminary studies had (o be made is erder to
ebtaim a practical solutioa te a problem ef this type. It mas
samely secesmary to determine the moat advastagoeous design ef the
btore asd comditions of loading, to make the projectile streamlised
and ntable ia flight, obtsia s fast and uniforaly bursiag gus
povder to improve the life of the bore, etc. The EDSAKTOP (Cosmissios
for Special Artillery Research) wvas foermed under the leaderskhip
of V.M. Trofimov for the purpose of dealing with all these problems.

The nctivities of the Commimasion for Special Artillery
Research started duriag the period of blockade and full fsolation
from foreigm countries. Neverthelers, the work of this cosmission
beteeen 1919 and 1926 (the year of denth of V.N. Trofisov) progressed
avccesafully, and played = major part in the develepment of Bussiaas
artiilery thought. Por a certaila period of tine, the Commissioa
for Special Artillery Research became the cemtral poiat of the
project.

“The period of activitiea amd atudies of the Commissioa fer
Special Artillery RBesearch, from 1919 to 1926, is » period of
animated and intensive activity which caasot be coupared with any
givea amalogous period of the years precedimg the war of 1914 to
1918. The large quaatity of scieatific resesrch ateudies coaducted
at that tise, touching oa practically sll] importaat sad pressiag
artillery problems of a theoretical chsracter, were of decisive
inportance.” (1.P. Grave, News of the Artillery Acadeay, volume

P-T8-7337-RE xxxwiii




IXX1).
Is additiea to probless directly ceanected with super-lsag

range firing, the Commissioa fer Bpecial Artillery Besearch
processed the techaical aad tacticsl requiresests for sev artillery
types, 83 well ss for self-propelled srtillery, mertars, probless
of gas dysamics, stc. These activities provided the fouadaties

for the modersization of the artillery of tis Bed Army, which

vas accouplished several yesrs later.

V.H. Trofimov recruited not oaly all leading artillery sciestists
of the Artillery Committee (°) for vork with the Commissioa, dut
also all professors froa the Artillery Acadeny (°°¢) and a ausber
of leadimg civilian ncientiata (°¢¢) active ia fields related to
artillery.

At the same time, V.M. Trofimov used the freahman workers is
scieace, who, under the Juidance of leading scisatimta, atteanded
the Bchool 0f Science il the Commissioa for Special Artillery
Rescarch. Subsegqueatly, many of thes becane leading apecialists

(*) Profeseer G.A. Zadudskii (gua powder); V.l. Reultevskii (pro-
Jectilen, fuses); N.7. Rozeaberg and A.G. Matiuwsia (techmology,
sapufagctere of guns); G.P. Kicnemskii (guspowder); V.V. Makeladze
(firing and tactics); V.A. Pashhkevich (ballistics, msthematics);
P.A. Durliakbhev (gua carriages) aad others..

(*¢) Directer of the Acadesy, Professor 8.G. Petrovich (mschaaics
and exterior ballistics); Professors: K.F7. Drozdov (atrTeagth of
mies, fatsrier ballistics); 1.P. Grave (iaterier ballistics); V.V.
Hechsibov (exterier ballistics); A.V. Sapeshaihev (chemistry, gus-
povder and explesives); 1.A. Krylev (setallurgy); lecturers 7.7.
Lender (gus carriages); 0.G. Fillippov (guspewder, iaterior
ballistics) and sthers. .

{333} peadsuician A.X. Eryiov (amthematica, mechanics); Professor
N.E. Sheubovskii (mechaaics, asrodymamics); 8.A. Chaplygis
(hydromechanics); W.N. BDukhgoltz sad V.P. Vetchiakia (gas dymasmics);
N.P. Mslchanov (meteorology) nad others.
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in various fielda of artillery activitiea (D.A. Veattss], B.X.

Okusev, V.E. Siukhotzkii, E.K. Serebriadev).

Ia zdditioa to the persomal recruitiag of leadiag sciemtiats
and specialinta; the Commissien for Speeial Artililery Research
sajatained clomse relatiess with a sumber of mational scieatific and
technical iastitutioas.

About 130 momographa relatisg to scieatific sad research
atudies coaducted by the perscasel of the Commissioa for Special
Artillery Research, am vell am about 80 designm treatassata, wvere
pudblished duriag the period of its activitiea.

. The studies of the Commisaioa for Special Artillery Research
were of great importasce for the amsembliag of a sumber of out-
standiag research people arocuad problemss of artillery materiel.
After the death of V.M. Trofimov, the directioa of the Commissiox
was tramsferrad to the hands of the ocutstandiag mpecialiat ia the
field of super-loag range firiag, Professor K.A. Berkalov, who has
alsc obtaimed a great Jenl of experience is thin field.

Due to the attemtion givea by the party, the goverameat, and
particularly by Comrade Stalia to this problem, the efferts to
improve the artillery of the Bed Aray, and to scieatifically iasure
its developmeitl, contimwed to expand duriag the following period of
time.

During the years of Stalin’'s Five-Year Plans, our couatry
created the msterinl sad techaical foundation mecessary to provide
the armed forces with modera combat materiel asd, among those,
artillery. Haterial cosditieds secessary to a fruitful development
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of sciestific and techsical artillery thought vere created, parallel

with the developmeat of our iadustry and ecosomy.

A sumber of desigaing offices vere established uader the direction
of Heroes of Socialist Labor V.G. Grabis, 1.1. Ivanov, P.P. Petrov
and other desigmers, which produced masy usamples of artillery types.
These shoved auperior combat and techsicai qualities duriag the
poricd of the Great Bomeland War. All these sctivities wvere persomally
supervised dy Comrade Stalia, vho examised test specimens of aew
artillery types and isswed imstructioans oa the course of their
further developmest.

Comrade 3Stalin's aaxiety ia commectiosn vith the develepmest of
scientific artillery thought found its expreasion in the establishaeat
of the Academy of Artillery BScieacen in 1946, for the purpose of
processiag daajc scieatific probleme confroating the srtillery.

A mew generatios of Soviet artillery acieatists and ballisticse
specialists grev up durimg the 30 yaara of existeace of the Soviet
goveramest. The firat tc be counted amoag those are: Acadesiciare 2.A.
Blagoaravov, presideat of the Acadesy of Artillery Sciemces; N.P.

Vasi liev, sember of the governing body of the Academsy of Artillery
Sciences; K.K. Snitko, A.A. Tolochkov,. D.A. Venttsel, N.B.
Serebriakov, V.E. Slukhotzkii, Is. N. Shapiro, active membdbers of
the Acadeny of Artillery Sciesces; aad Professors B.N. Okunev, G.V.
Oppokov. These are followed by the youager gemeratios ef eciesce
vorkers: N.5. Gorokhov, N.A. Namoatov and others.

It can be definitely stated that, is our Usioca, we hkave

emtablished a lending Soviet scieatific echool of artillery desigaers
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asd ballistic specialiste, who are makisg their way ia the field of

artillery science and techaslogy.

Libke V.M. Trefimev, two leading scientists of our couantry, who
became the instructors and educators of RUReTreus generations of Russias
ballistic specialists and desigrers, had a ssjor share ia the formatior
of this scieatific schoel. These wers ‘uv iuuuumw "OrXor ia
science aad technology of REFSR (Runsian Soviet Federative Socialist
Republic), Colomel Gemsral of Artillery Wibolai Pedorcvich Drosdov,
laureate of Stalia‘s medal, menber of the Preaidium of the Acsdeny
of Artillery Sciences; and Major Gemeral of Artillery Engimeeriag
Services Ivam Platosovich Grave, laureate of Stalia's medal and
active member of the Acadeay of Artillery Scieaces.

AS already stated, N.F. Drozdov nubmitted the first mathematically
precise solution is world literature of the fuadameatal probleam of
interior biallistics, wvithout any Oof the spproximatioas utilized by
foreign authors.

Since 1911, he has lectured for mamy years at the Artillery
Acadeny imn the course of weapon design, and from 1930 ia the course
of imterior ballistics of the Kaval Academy.

Profensor N.F7. Drozdov has writtea a sunher of studies toward
the expansioa of his method, and haa compiled special tables for
solution of prodliems i1a iaterior beallistice.

These tables were of great importance fcr the efforts om
acceleratioa of ballistic deaiga and inprevemeat of our artillery
systeus, siance the calculatioss of the latter were considerasly

sinplified by the existeance of these tables.

7-18-7327-RK x111

EaEY Nt S
2o Doy oo - .

s e
Toater i B

R e, o

O e

[T




During viry recest times (1947-1948), N.7. Dresdev has writtea
tvo more studies. Ome pertains to the properties of highest pover .
srtillery weapons. The other presests solutioas of the imterior
ballistics probles ia relstive varisbles for simple snd cendisatios
charges, vith appended tables which considersdly espedite cenputations.

Professor N.7. Drozdov it the founder of the Buesian Schoel for
the Ballistic Deaniga of Guas, which created a number of eutstanding
srtillery typea.

Profeasor 1.P. Grave lectured for saany years (from 1911 till 1934)
on iaterior balliatics at the Artillery Academy, and vrote the most
cosplete course of theoretical imterior ballistics ia worid literature.
With respect to its variety of iacluded material and the coapleteseas
of exposition, this atudy may be juatly mamed an eascyclopedia of
theoretical iaterior ballistica. Thia course ia composed of four
volumes of pyro-dymamice (1932-to 1937) and pyroatatics (1938).

The course coatains exteasive materisl, and presests a criticiss of
Buasian and foreiga articles and studies. All those are asalysed,
and cite reference literature. JFor the first time ia ocur literature,
problems of gaa dymamics and ballistics of an incospletely eanclosed
apace are submitted to particular consideration is this study.

Aside froa this, [.P. Grave hsd coatridbuted lsrgely te the

developmeat of aa experimeatal base, at the Artillery Academy dy orgasiz-

ing s balliatics laboratory ia 1926.

After 1938 sad during the period of the Great Nemeland Var,
Professor [.P. Grave held the chair of isterior ballistics st the
Artilleary Acadesy, cosducted a series of investigatioas, sad wvrote
several atudies on curreat prob¥lems of isterior ballistics.
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The Seviet Sehool of Ballistics, whese cadre grows ceastantly,
succsssfully selves all of the mere ceaplicated practical prodless
that eccur, and lays eut nev paths of development for iaterior
ballintice.

Ia the past, as well an particularly duriasg the period of
Seviet developmeat, our astionzl sciesnce of balliatics kept ahend
of foreiga thought vwith reapect to maay more importast probless.

The felleving facts may be guoted by way of examples:

A mathematically precise sclution of the fundamental equatioa
of iaterior ballistics was offered, for the first time is vorl@
literature, by Professor X.¥. Drozdov ia 1903 ia our coustry.

The probles of solviag a series of gquestioas relatiag to
coabination charges ia coampletely uatouched ia the world literature.
In our coustry, these probleas were solved by N.¥. Drozdov, [.P.
Grave, V.E. Slukbhotzkii and others, who also preseated tables for
the solutioa of predleas for the case of cembiwed charges.

An smalytic solutioa of problems for mortars, with calculatioa
of partial escape of gases through the clearasce, wvas submitted ia
this couatry ia 1940 by N.E. Serebriakov, K.K. Gretea, and ia more
detail by G.V. Oppobov.

Ballistic desigs and ita sethodology has beea treated msost
coaupletely, thoroughly and ratiosally, as a reault of the atudiea
of our scieatists.

The problea of higheat powor weapeas, or wveapoas vith smalleat

volume, ia solved {a this couatry diffesently than ia Freach literature.

A solatioa 19 givea which is more economical asd advantageoua fros
r-18-7327-R% xliv




the standpoiat of denign.

A sew method ¢©f ballistic analysis of guspevder, whick peraits
the teat determination of the actual priaciple of povder combuation
and recogaition of the iafluence of a whole series of factors
previously disregarded (phyaical primciple of combustios), wvas
developecd by N.E. Serebriakov ia thia couatry betveen 1923 and 1937.

Also, the solution of ballistic problems through the methods of
nuserical iategration van developed very thoroughly is this country.
Thia sethod van used for the firat time ia ballistics by V.M. Trofimov
in 1918, ia exploitation of the atudies of Acadesmicias A.K. Krylov.

The methoda cf aumerical solution of prodblems were developed aad
expanded in particular detaila dy Professor G.V. Oppokov ia a seriea
of his mtudien.

This incomplete accoumt of the accompliahmests of our scieatiats
already permits recogmition of the fact that imterior balliatics has
reached a high theoretical level is owr country asd progressea aloag
the proper paths. la order to fulfill the siseion assigmed by
Conrade Stalia, "“to exceed the accomplishmenta ¢f foreige iscience
withia a short period of time,” it ia meceasary, by means of coatimwed
and persiantent wvork, to raise still further the sciestific level of
our investigations.

Artillery techmology develops with each passing year; while the
problems coafroatiag isterior ballistics widea and becomse more complex.
Bev methods of solutioa come isto existence. Outdated hypotheses are
eliminated, and are repianced by nev omes. Kev expsrimsatal asihcds i

and more precise equipmeat are iatroduced, providiag research
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sciontists vith new material and mev nethods of isvestigaties.
Interior ballistics vill progress as a resuit of the expansien
o1 our kaovliedge of the discharge and of phenosens accompanying it,
the estadlishaent of new rules, the replacemssat of ocutdated hypotheses
by neov ones, the imprevemest of our ability to direct the discharge
along the desired cowrse.
The missies coafreatiag the studeats of a course ia jaterier
ballistics is to become familiar with the modera statua of this
brasch of science aad vith the theoretical fundameantala of isterier
balliatics, and to leara to apply them to solutioa of auserous
practicsl problems arisiag ia the deaign of varioua typea of artillery
and the ammunitioa for thes.

LISTING OF NONMENCLATURE, SYMBOLS AND DEFIRITIONS IN THE
FIELD OF INTERIOR BALLISTICS

A. BASIC FPROPOSITIONS

1) The followiag listing specifies only the most characteristic
vslues used is isterior ballistics as one of the brsaches of
artillery science.

2) Individunl terms relatiasg to variablea associated with certaia
charncteristic fastaats are preperly designated by sdding the
folloving subscripts 10 the symbol of the variable valwe:

0 - for the isstaat of commesceasst of projectile motioa.

s - for the iastaat of maximus presoure of gases.

s - for the instant of decomspnsition of the poeder graise.

k

é - for the imstaat of the projectile leavimg the bore.
r-18-7327-28 xlvi
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3) As 1is proper, isterier ballistics utilines the folleving

nystem of wusits: deciseter-kilegram (force)-secead.

4) The ters "powder griis” is copstrued as a separate eolement

of the puvder charge (a2trip, fluted cyliader, red, cube, etc.).

5) The initial dimensions of peowder grais are the siwes of

the graias prior to the commencement ¢f combustion (explosive

coaversiosn).

6) DNusbers ia pareathesen costaiaed is the text correspond to

the item number ia sectioa B of this listing.
7) Bomssaclature stasdardizsed as techmnical terms is priamted

in heavy type.

8. NONENCLATURE, SYMBOLS AND DEFINITIONS

Iten Nomenclature
Mo.

Sywhol

Definition .

i Caliber 0f barrel
{cylindrical)

ia [Caliber of barrel
(tapered)

(grooved)

3 Length of bore

Gud Chander

o
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2 Cross sectioa of bore

4 |Lesgth of the rifled
portion of the bore

'
4

Laa

xlvii

I. Characteriatica of the Barrel, Projectile aad Charge

Diameter of bore at groove
"lande*”

Satrasce caliber
Exit caliber

Ares of cross sectiom of bore
is the part wvhere rifliag
greoven kave full profile
(grooves iacluded).

Distamce {roo bewnch eond of
the bere to the muzzle face of
the barrel

Distance from the begianing
of greoves is the bere » the
sussle face of the barrel

Iuitial air apace is ths
chanber portios of the barrel
sith a properly loaded
prejectile
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Nosenelature

Definition

10

11

12

13

14

VYoluae ¢f gua chamber (3)
Ueight ef projectile

Ueight of guapevder
charge

11. Propertiea of Powder and Povder Cases

Beat 0of formaties

Specific volume of
povder gasea

Tenperature of powvder at
the time of firing

Esergy of powder charge

Covolume of powder games

Rate of buratag (a
variable valwe)

Rate 0f buraing uander
pressure equal te
usity.
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The quaatity of hoat emitted
by ene kilogras ef pevder
burning in 8 coastant apace
and wvhen coeling the gansea
down to Dbe u-poutun of
16°C (water wapsv}

Volume occupiel Gy gases of
ose kilogram of at s
temperature of JZ'::: a
pressure ¢f 760 mm of mereury
colemn (water wvapor)

Tenperatare of powder
combuntion (hent of formation)

measured froa (abeelute
scale)

t - 228N (30;11), where
273

Py = ome phynical ataosphere

A coefficieat represeantisg
the effect of the wlume of
gas molecules on the pressure

of gasen

Limear velocity of prepagation
of cembuntion reactiee of
powder towards the ceater of
the powder grais




Item
Ne.

Noassslature

Symbel

Definitien

16

17

18

19

a1

33

34

27

Depth of the durat layer
of a guapowder grain

povdier graia
Surface of powder graia

111. Dimensions of OQuapowder Graia

(variadle valwe)

Iaigial thickaess of

(variable valwe)

Initial surface of
povder graia

Yolume of powdsr graina
(variable value)

Initial volume of powder
graiz

Bslative thickaess of

burased layer of powder
grain (variable valwe)

Belative surface of
posder graia

Specific voluse of burned
povéder graia (variable
valee)

¢

)

Ofl'i
Ly

(18, 17, 33, 33, 14, 1%)

é6- .:‘- (18, 19)

v.h

A, 20

IV. Travel, Velocitiean and Pressurea

The fastant of passage of
base of projectile past
suzxle face ef darrel.

Iastaat of departure

Belative travel of
prejectile.

Total travel of pro-
Jectile ia the bure

Belaitive speed of the

#
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v(v)
xiix

Dieplacement of projectile
ia relatios to the bere,
seasured from the leecation
¢f projectiile bdase 2t ths
commencenent of mstien.

Travel of prejectile in
relation to the bore (96)
at the instant of departure

(23)

Speed of projectile ia ite

e
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povder
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Item Nessaclature Sysbol Definitios
| B
projectile (variable seveasat relative to the
value) v(v) bore (38)
2% Buzzle veloeity vq (v‘) Melative veiecity of pro-
Jectile (88) at the imstast
of departure (28%)
30 Pressure of powvder gasecs P Neaa valwe of partial
{variable valwe) pressures of powder gases i»
the iaitial air space, at
the givea positios of the
base of prejectile (at a
gives instsat)
31 | Mean pressure cf powder Par PN Yovr? (37, 7, 38, 2, 36)
1 4 14 [ 4 » »
gases sr 3gsl
vhere g - acceleratioa of
gravity
a2 Impulse of preasure of 1 | G ( pdt (24, 30), where
povder gases (variable o
value)
t ~ time
t
ok} Ispulse of pressure I, I, = pdt (24,30), shere
povder games at the ead
of powder combustiosn 0
t -~ time
V. 8pecial Values and Coefficieats
34 |Deasity of loading a A~ £ (8:6), vherewis 1is
Xg, and By 1a @&’
35 Gravisetric dessity of Ratio of weight of pevder

placed freely is a coataimer
of a given shape sad volume
to the wveight of water at

4°C (donsity equal 1)
occupying & centaimser of the

sane velese

Bemark: The gravimetric density
of powder depends os the
volune and shape 0f the
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PART ONE
PHNYSBSICAL PRINCIPLES ‘OY
I NTERIOR RALLISTICS

SECTION ONE
GUNPOVWDER ASB THNE SOURCE OF ENERGY

CHAPTER ! - GENERAL IWFORNATION O GUNPOVDIRS
I. TYPES OF POVDEXS

Modera gumpowders bolong to a group of smokeleaa colloidal
povders. Black powdera, used at the time of the imveatioa of gum-
porder, are novw used ia artillery oaly ia the Capacity of igaitera,
io primer cupa, ia ringa of time fusea, and also im ahrapnel.

Smoke lesa powdera, which appeared almoat aimultamecualy ia
Prance (Vel) and Eagland (Nobel) duriag the 1880°'a and 1.60'-.
were rapidly adopted im all courtriea. Their fatroductioa grestly
modi fied all artillery materiel aad combat tactica.

The basic propertiea of asokeleaa powdsra are: coasiderabdly
greater energy, and aa ability to bura ia parallel layera, which
perzita regulation of the iaflux of gasea foruiag duriag the
cosbuat ion of powder.

The maia base of nll smokelesa powdera is pyroaylis, or sitrated
cellulose. In this consectioa, a divinion in made, as respects the
dogres of aitration, isto highly sitric pyroxylis or ¥o. 1 (aitroges
coateat 12.9 to 13.3%): lower aitric pyroxvlis or En., 2 (aitensen

conteat 11.9 to 12.3%), and collodiea (~11%).

r-18-7327-2% 1
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Pyroxylia ¥o. 1 is alse ealled issoludle, lm;.m it s
practically iasoluble ia a sixtures ¢f alcohel and ethyl ether.
Pyroxylia No. 2 is called soluble, because it dissolven almont
completely ia the same sixture.

Is many couatries, a aixture of pyrexylias No. 1 asd Ne. 2
is uweed for the producties of guspewder (for exasple, ia our ceuntry

and ia France).

Ia the U.8.A., povder 18 manufactured with a so-called pyrocollodion

base. The latter ranka betweens Wo. 1 and No. 3 with reapect to
aitrogea coateat (12.5 to 13.758). It is however entirely solubdle
is an alcohol-ethyl ether mixture.

Developed by D.]1. Neadeleev as early am 1890, pyrocollodioa
gelatinizes very well, and provides & more homogenous povder sub-
stance thaa the powder coataisiag issolubdble pyroxylinm.

WYhen subjected to the actiea of am slcohol and ethyl ether
sixture of a givea ratio, the pyroxylia will gelatinize uader
pressure aasd become s colleid.

A sixture of pyroxylia with a solveat, se as to fora s paste,
can b0 givea any foram (atrip, tudbe, rod, etc.) through extrusiea.

Pure pyrorylia powders are prepared:

a) 7From a sixture of pyrexylia No. 1 aad ¥o. 2 (mixed pyroxylins);

b) PFrom a pyrccollodies;

c) TFrom oae pyroxylis Ne. 2 (for aspecial purpeses).

Ia addition to pure pyroxyliia pewders, there are the so-called
sitroglyceris posders. The latter ceatalas from 25 to 0% of
sitroglyceria, the resaiader censisting of pyroxylia and a small
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quaatity of varieous admixtures.

Up te the first imperialistic world war of 1914 to 1918, the
nitreglycerin powders vere divided into two basic greupe: the
balliatites and the cordites. They differed 1a their coatents of
the elemests, the quality of the pyroxylis, as well aa the selveat
gelatiainiag the powder.

Balliatitea are prepared vwith a scluble pyrexylis, seinsly a
colloid with » amal) mitroges costemt. Nitroglyceris is used as
the p‘lauunu ageat. [In the preparatios of the powder, the
substance is flattesed out under hot rollers and cut imto cubes or
rectangular strips.

Cordites are prepared with aa iasoluwble (highly mitric)
pyroxylia, withk acetone aerviag as the solveat. 1t is extruded

12 the form of cords or tudes.

The first specineas of cordite coatained wp te 58% of aitroglyceris

(cordite N-1); while lnter specimens contained from 35 to 30% (cordite
D - modified).

Ssokeless powders have a significantly higher eneryy aa cospsred
with black powdera. At the sane tise they have ome subatamtial
disadvaatage. Beiag prepared with aa ethyl ether-zlcohol solveat
or witk mcetome, they costaia soae quantity of this free solvest.

In this connection, depending wpon atsospheric conditions, the selvest
can evaporate fros the powder, or, vice versa, the powder can abserd
scisture 2r08 ks air. Bich variatioms ia the costest of volstile
substances are reflected quite sharply ia the ballfatic qualitien.
These properties, volatility mad hygroscopicity, of commonm pyroxylimes

prepared from a volatile solvent and, to a lesser dogree, aitrc-
r-13-7337-RB 3




glyceria povders, make it necec=sary to stere the powder i1a waterproof

packiang and, whenever possible, at an coastant teasperature.

Doginaing with the first verld wvar and subsequeat te (t, there
appeoared a povdsr prepared vitheut a solveat er with a sos-volatile
selveat. Anxong powders ef this type we couat a powder prepared frea
a aixnture of pyroxylia and tretyl. This powder, vhea heated and
aubjected to high pressure, vill gelatinise and can bo well pressed.

A powder coasiating of pyrexylia, aitroglyceria and an admixture
of nitro derivatives of the arematic series (di-mitro-toluol, di-
nitro-beaxene, centralite amd others) also belongs to this type.

Thene powdera are non-hygroscopic, momn-volatile, asd have a
conparatively lov igaitioan tesperatsre. They are much aispiler to  »
produce, and therefore find iacreasiaz utilizatioa im aumerows
countries.

Di-attro-glycolic and nitro-guaaidiae powders appeared ia
Gernaay duriang the period of the Oreat Noseland War (Vorld War 11),
because of the exiastiag shortages of rav materials.

Insofar an pyroxylia ia obtained by the amitratioa of cottea
with a mixture of aitric and sulfuric ncids, and the free acid
resaiaing ia the pyroxylis gradually decomposen it, a complete
refining of the latter, for the purpose of elimisstiag the acid,
conprises one of the saia operations ia the productioa of pyroxylia.
Bowvever because traces of acids vill remaias after th.o preparaties
c2 ¢the powder. and will affeet its heaning sualities, about 1 te
2% of a atadilizer in nuitably mixed ifato the powder for the purpese
of meutraliziag the actios of the acids. Thie atabilizer coabipes

¥ith sitric cxides and avutralizes thes. The most commoaly ubed

r-7T8-7327-RR 4




stabilisers are di-phenyl-anine and ceatrsiite (di-ethyl-di-phenyl-

ures).

3. GENERAL PROPERTIES OF POYDERS, TESIK FORN,
DINENSIONS AND TIPRS

Saskeless povder ia a colloidal sudstasce, & gel, and is
sinilar I8 ita extersal sppearance to celluloid. 1t is seai-trassparest
or opague, depending upoa the compositioa of the pevder asd the
thickness of the matorial. Tho waual celer of pyroxylia pevders is
grayish greea. The color of ihe uitroglyceris powvders 18 brews.
Stadbilizing adsixtures stais thes iato variewa colers (yellow, red,
black). Pyroxylin $Ovdsr ia harder tham ajitroglyceria powdera, the
l1atter bein, more soft and elastic as a result of the premence of
l1iquid mitroglycerin.

The surface of a povder may be rough, dull or poliahed. VFims-
graia powders for amall aras are for the most sart coated vith graphite
to increase coapacting and to reduce electrificatioa of the powder
as a result of friction. 1l this way, their surface takea oa a shiajsg
black color resemdliag by its appearance black guspewder.

The fors of powders is usually varied: atrips, rectaagular sheets,
blocks, cubes, short aad loamg tubes, grooved graiss, etc.

Powder in the form of thim square flakes, or bea¢s sith s hole
through them are used for saall arms. The ratio of & aide of the
square of a flake to the taickmess variea frem 3 te 10. The length
of a bead with a bole through it {a 5 to 10 times its wall thickaess,
while its iamer diameter 1a from haif to the eatire wall thickasss.
Povder for weapons of small or medius calibers with cartriige leading

have the fors of long tubea (macarcni), with a ratio of the leagth
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to wall thickaess frea 100 te 300, or they may bde is the fora of

short cyliaders with either one o seves holes through thea (see
further for details). Both of the tvo latter foras are called
gramular powders. Their lesgth is 8 to 13 times grester thas the
wall thickaess. (Graias of rifle powders are appropristely shorter.)
Powders in the fora of loag tubee, either for the estire leagth of
the gua cheamber or is tvo semi-charges for half of the gus chasber,
are used almoat exclusively for wveaspoas of lsrger caliber with
individual loadiang. Siace the loadiag of those weapoms is performed
individually and sutomatically, and the weights and volumes of the
charges are larger, it f{e importast to have a aturdy, imflexible
charge. This requiremsest ias fully satisfied by a bundle of tightly
bouand tubea.

The quantity of gases formed durisg duraiag of the powder, aad
the rate of their formation, depend os the weight of the charge and
the sumserical vsluwe for the surfasce of the powder. The Iatter
depends on the thickness of the povder and its fors. The smaller
the graias of the povder, the larger their eurface ia ia a gives
veight of the charge;: the larger the quantity of gasen formiag ia
unit of time, the higher is the rate of powder coabuatioa. The
larger the cnliber of the weapon and ite length, the loager showld
the nction of gases on the bane of the projectile lsst is order to
provide it with a gives velocity, asd the coarser should the powder
be. The wall thickoess varies from 0.1 mm for piatol powders te

¢ sm for povders for the 354 mm (14 isches) guas. A porous fise

dn

powder ia used for pistols.
Processiag pewder. Ia order to obtain n gven fors of powder,
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the substasce is ferced through perforatioas (ef a die) by means
of a prese. Strip povders are made either by flatteaing wader
rollers and subsegueat cuttisg, or by ferciang throuwgh a flat slet.
in order to 1llustrate the preparatios of powders with chassels,
a schematic draviag is showan belov of a die, through which tubular
povder 1is preased (fign. 3 sad 4).

The povder maaa ia costsised ia the space dctweea the pluager
A aad the plate die B8. Usder the pressure cf the plusger, the
maas 18 forced through the openings ia the die BS aad surrowads
the attached pia C. The holes is the die are aymsetrical relstively
to the pis, and are desigsed is a masser such that their total

ares is larger than the cross-sectiosal area of the cyliadrical

portioa d-d.

Fige. 3 aud 4 - Diagras of Die for Pressiag Povder
1) Bottom view at d-4; 2) top view of the die plste.
iz viss of the fact that the plunger A meves downwvard, the sens
is extruded 18 the ahape of tudbes, which are brokea off from time
to time.later, the latter are dried im the opea air to elimimate the
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oxcess of the sclveat and cut into aections of the demired leagth.

Tubular powder im thua obtained. Powder with sevea holea is it
is 8180 edtained ia am amalogous process.

It vas agreed to> deaizaate powders by coaveatiomal s=yabols
insdicating the c¢imeamioan (gage) of powder, form of graims, lot,
year of productioa and factory at shich the povder waa produced.

Povders for small arms are designated ia thim maaner: ([T p)

Pl = fiska, (P) R = revolver povder, (B) V =« rifle pceder, (BR) VL
= rifle posder for saal)l caliber bulleta, (BT) VT « rifle povder
for large caliber bulleta. PFor iamtance, ¥ ;—:— R denotea rifle
povder, 2ad 1ot of 1943, Roahal factory.

Guapowder is designated by a fractioa, wvhose demomimator
indicates the aumbdber of holea in the grain and the avserator ahows
the thickaseam Of the wall in tenthm of a millimeter. Por inataace,
7/1 = a graim with one hole and wall thickaesn of 0.7 mm; 15/7 =
a grajim viih =c2vez holes and a wvall thickaesa of 1.5 am.

Tulular asd atrip povders are unually deaigsated by the caliber
of the weapoa for vhich they are wsed. PFor iastaace: 73/350 « powder
for a 75-mm veapoa with a 50-caliber length.

CHAPTER Il - BASIC CRARACTERISTICS OF POVDER
1. CHARACTERISTICS OF THE CONPOSITION OF POWDAR

Yowders uned im our couatry are for the most part pyroxylia.

The compositiom of these powdera is banically determissd by two
characteristics, oa wvhich depead all phyaical-chemical and
fundaneats] ballistic properties. These chsracteristics are the
nitrogea coatent in the pyroxylia powder aad the coatemt of volatile
subdstances.
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Nitregea Cestest

To characterize s powder with respect to sitratiea, it is
secessary to know the sitreges coateat is )1 gram of pyrox—=‘is powder.
This ia usually expreased is percest or is cad W0 (sitric oxide)
correaponding t»> 1 grem of pyroxylis povder.(°) The sitroges costeat
affecta the emsergy of the powder, as well as its rate ef cosbustios.
The greater the costest of ajitroges is, the astroager is the powder
and the more isteasively 1t will burs. Os the average, the sitroges
content in pyroxylis fluctuates withia the rasge of 11.8 to 13%

(K = 188.5-208 ca® WO/g of powder).

Coateat of Volatile Mubstamce ia the Powder, Expressed is
Peorcest

1a 2 physical chesical smalysis of povder, mot osly the totsl
coateat § of volatile substances is deterained, but aleo its composest
parts. sawely: volastile substsaces removsble by mesns of 6 howrs of
dryisg at s tesperature of 98°C (%), which are usually coasidered
to be the humidity costaised ia the powder, and thes those imseparsble
by six hours of dryiag (h'%) which are attributed to the slcohol-ethyl
ether solvent remaisiag is the povder mass and gelatisiziang the powder.

The value ¥ 1is wsuslly relsted to the thichkaess of the powder,
and the thicker the powder the higher will X be. Is this powders N

(®) Belatios betwees the sitregea ceatest N and the velume WO is

given by the formula W& - K x 0.00068287 x 100, where K 18 the susher
8f c83 §g 1 grss of powder at 0® and s pressure of 760 sa.

'3 - <
(0.6257 ~7). or X =~ ¥¥ K -~ o
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oquals 3.0 te 3.5; in povders with a strip thicksess of abeut 1
mm, B ¢.0%;: is very thick povders, vwith a thickmess up to ¢ mm,
R reaches up to Ta.

The value R nmaisly affects the rate of combustioen of a pewder.
The higher 0 is, the nlover the powder duras. The variatioa ef
moisture conteat in a powder, because cf atmospheric conditiens, i
oae of the main defects of pyroxylis pewders haviag a volatile
solveat.

3. PHYSICAL-CNENICAL PROPERTIES OF POWDERS

Powder in a low explosive; therefore, all physical-chesical
properties of explonives nnd their characteristics are also
applicable to powders. Those characteristica are:

Quantity of Neat (Q, Cal/kg) emitted i3 the cosbuamtion of 1 kg

of povder, and in cooling the gases to the teaperature of 15°C. This
characteristic is the moat essential ome, insofar as at the iastast
of discharge the chemical emergy is coaverted tato thermal esergy,
and the latter iato mechanical emergy. Also, the larger Q is,
the bigher is the teaperature of powder gasen, and the greater is
the mechaaical work which they cas perforsm.
As a rule, Q is determined by a test in a cslorimetric bomd.
Ia this comsection, the followviag munt be taken isto coasideratiea.
The calorimetric bosd is immersed ia water at a tesperature eof
18°C. Tee temporature of water rises at the isstast of igaition
by only a few dagrees, under the effect of heat emitted ia the demb,

and after that it begias to drep.

The test is coaducted for a period of 5 to 10 minutes. Coasegquently,

1f water vapors are present im the products of the explosion, thes
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they wvill proceed te condense and, ia this maaner, the quantity of

hoat deternined is the tost will relate tc water is the liquid fora
rather than vaper ferm. Actually, the water is ia a vapor state

at the iastaat of igaitiea or explosioa, and the equatien

Q' - Q' + 620 r;
I,o vapor l,o liquid

is wsed for ite determination (where a represesnts the percestage
content of water ia the decompomition products 0f the powder, 620
in the quantity of kilocaleries absorbed ia the coadeamation of 1
kg of water vapors aad reducing their temperature to 15°C).
Because the water is im a vapor state at the imstaat of exploaion

or discharge, the actnal quantity of heat enitted ia this commectiosz

in expressed ia this way:

8
* - Qg - 820 m.

B30 vapor l,o liquid

If we coavert all the guantity of heat Q' Ooxitted in a
conbustioa of 1 kg of powder, iato mechanical emergy by msltiplyiag
by the mechanical equivaleat of heat £ =~ 4270 kgdm/cal, thea the
resultaat value P = BQ, vill represesnt the poteatial esergy of the
powder, or the werk it could perform 1f all its esitted heat would
coavert iate mechanical work. This value is called the poteatial

of the powder.
Yolume of Gases w,, d-’/k:. formed ian the combustioa of 1 kg

r-78-7327-R% 11
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of powdar, and occupied by them at = pressure of 760 am and
temperature of 0°C.

After the comdustioa of pevder ia s calerimstric or
maseetric bosd, gases may he conducted inte the gaseaster, and
their volume may he moaaured at stasapheric preasure and a tee-
perature of 13°C. The letter say thea he reduced te 0°C. Thea
the water preseat ia s vespoross atate vill cesdense iate a2 liguid
sad the voiume Oof gases -'ouund is the gasometer vill be ssmller
than the actual volume, 1if the vater was ia the form Oof & vaper.
Therefore, the voluse of gases detersised ia the grsometer refers

to liguid water

v )
I’O liquid

For coaversioa to the gas volume which they wouwld occupy if
the water were in the fors of s vapor, the fermsls
- - L2 + 1340 ;-'.-;

a0 vapor l,o liquid

18 used (where n is the percest of vater vapor costest i: the gaseoua
mixture, 1240 ¢ad 1s the volume which weuld e occupied by ese kg of
water vapor at atmospheric pressure ssd 0°C). The velume of gases

v, has great aigaificesce, because the greater it ia, the greater is

the smouat of work which can be performed by the gasea ia the gun.
Tesperature of explosive decompositien, or the texperature of
the powder st the time T), of firing, i.¢., tespersture pessessed

by povder gases formiag duriag the cemdustion at the jastaat of

their formatioa. It is measured os the adsolute acsle. The higher
the temperature of the gases is, the greater ia the amoust of sechanical

work which they caa perfors ia a discharge.
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The valwe T is usually sot determined directly duriag a test,
1a view of its large magsitude and the ahort duratios of powvder
coabustion. It is detersinmed indirectly. This requires kmovliedge
of the qusstity of heat

&
Nga0 vapor,
the compositios of the gasens, their heat capacity, and their

 }
4
1
g

variatios with the temperature.
Conposition of gases and their heat capacity. An anslysis of

the gases after powder is ignited in a calorisetric bomd shows
that the mais dulk of gases fros pyroxylis powders is composed of
the diatomic gases (0, Hy, Mz, triatomic COp and NHa0 (ia the form
of vapor), and alsc a small percentage of metsse CI‘ and amamosin
ll’. The ratio of these component parts varies somevhat, depeadiag
upos the compactmess of loaéding. It is secessary to state thst

an ssalyais of ganes is sot made st the momest of combustios, but
ister, whes the gases cool off. Therefore, the compoaitioa of the
gases also depesds on seccxdary reactioas betwees the basic gases,
wihile these secoadary reactioss may themselves depead oa the
compactmess of loadiag and the comditioms of cooling.

Knowing the cospositios of the games, it is also neceasary to

knov the heat capacity of gases <p snd Cy, as well as their varistios

vith the temperature(®), ias order to make computations of the tems-

perature. ]
i1t vas doternined oa the basis of experimeats coaducted by '

Malliar and Lechatel, as well as subsequent iavestigstions, that !

(®) c, azd ¢, ~ heat cspacity of gases st a cosatant presaure and a
constast volume: Cp - Cy ~ AR
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the dependence of the bheat capacity of gases ¢, en temperature t
=y im a firat approximatiea b expressed by a lissar fesctiea

Cg = a + bt,
where a and b are coastaat valuea. These have the same fixed valuwes
for all diatomic gases, and othera for triatoamic gasea.

At the preseat time, a seriea 0f very mew and accurate formulaa
are avatlable for the k2eat capacity. They are hased oa the guaatum
theory of heat capacity and take iato comsideratioa the oscillatory
motion of atoss. 1Ia this coamectioca, aumerical characteristics ia
the formulam are determimed apectroscopically (Biasteia‘'s formulaa).

Profemsor A.K. Shelest awbmitted a logarithsic dependeace for

the molecular heat capacitly in the form of

+ 1

uc, = z . 0.992% 1a o812
All these foraulaa abovw abrupt variatioas of heat capacity at

lov temperaturea, which caansot be expressed by limear factors.
Rowever, uander the coaditioas of a discharge, gasea as a rule cool
off to a temperature of adout 1800-3000°K, betweea the imstaat of
gas formation at a teaperature T, = 3500-3000°K to the imstaat of

the projectile’'a passage through the suzzle face. Ia this reage

of temperature variatioss, all espirical aad theoretical depeadencies

can be expreased to a satiafactory degree of accuracy by the cosmoa

Iinear equation

€y = a + bt = A+ T,

ghich we also shall adopt farther oa ia the masual. (For more details,

see the emergy cquilibrium egquation)
7-T8-7327-28 14
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o deternine the temperature, we utilize the equality

Q=c, - dt
Substituting cy = a + bt, we obtaia

0 = (a + Bt) &t.
By iategratiag we obtais

bed
Q= (a + Dt) @€t = gt 4+ .,
2
0
Fros this quadratic equation, we determine t:

»
;—t’o.t-q-o;

-2 2 a2 2Q

¥e seiect the plus sign before the radical, siace ainus results
in a megative temperatire.

Nere we have exenplified the sethod of determinimg the tenperature
for given values of a and b, pertaising to Any o8¢ gas. Nowever, for
8 mixture of gases the values a and b will be imdividual for each
888, and may be deternined as follows.

Assume that the values of coefficients a and b for each s

will de:

.lp .’, .a,oooo., .‘ooo.ooo

.lp 5, b:,oo..., .‘ooooooo
The relative parts by wvoight for each gas are

L) lz, .3.0.0.., l‘.o...,
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S = BIR) 4 Rz 4 Myl t...4 BB, 4w t_ a8y,
1
| 3

b= 8B ¢ mab, 4 m3by 4.4 BB, +o.m Z ab,,
1

and these values must be substituted ia the equatios for computing

t.

VYalues of the meas molecular heat capacity from O to t are listed

in Table 1(¢).

. Tabdle 1
t, % B3, 03, i 2,0 o,
co

100 .96 6.95 8.04 9.08

500 7.07 7.03 8.32 | 10.34
1000 7.30 7.15 s.83 | 11.33
1500 7.52 7.38 9.46 | 11.92
2000 7.70 7.568 10.27 12.29
2500 7.84 7.70 11.38 12.88
3000 7.96 7.83 12.98 13.74

(®*) Professor D.V. Alekseev, "Fizickeskays Khimiya” (Phyaical Chemistry),
page 60.
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Since various authors submit differest values fer a and b, the
temperatures coaputed by the aid of the listsd formmla vary up te
10%.

Hore accurate equations are odtaimsdls by sa spplicatien of the
qQquastua theory.

Is visw of the fsct that isterior ballistics squations alse
include the weight of powder charges, as well aa their volumes, one
of their physical charactsriatics, 1is ths apecific weight or dessity
of powder J . The demaity of powder varisa withia very sarrow
1imits, from 1.63 to 1.56; and on the average it ia assumed ia
approxinmate computatioas to be equal to 1.6. The demsity of powder
depeads 1ittle on the type of powder. It is equal to 1.6 for both
the pyroxylia and sitroglycerin powders. For pyroxylis powders the
doasity depends on the coatent of volatile aubetances N (the higher
B, the smaller J). Povders with a son-volstile solveat have
o m1.62, with ¢ dependest on the conditions of pressiag: the
greatsr the pressure of pressiag, the grester is the ¢.

For bdlsck povders, ¢ vsries betweea 1.50 and 1.80. Is sxtreme
casea it reaches 1.90.

Table 2 - Vslues for Severazl Physical Chemical
Charactaristics of Posdars

Characterisatic For Pyro- Yor Nitro-
zylin Powders glycerin
Fowdere
Calorific value Q, cal/kg (watsr is 900-000 1100-1300

vaporous atate)

Voluse of gases v;, dud/kg (wster ia

vaporoua state) 900-970 $80-800
Tesperature of cosbuatios T,, °K 2800-2500 3000-3500
7-78-7337-RE 17




Table 3 - (Coat'd.)

Charsctoristics Por Pyro- Por Nitre-
xylin Powders | glyceris
Powders
Content of volatile subetnaces R, % 3.0-7.0 0.8
Deasity of powder ¢, kg/éa 1.63-1.56 1.63-1.38

The famous Russian guspowder specialist G.P. Kusnemshii (died
1a 1923) submittsd the following empirical formulas for the fundamental
phynical-chemical and ballistic characteristics of pyroxylia powders
(N » nitrogen conteat im perceat):
8/3
w) = 1515 - 48.720; T) - 273 + 34.7N
Calculations based oa those formulas give the following valwes

for w; and T3 (tabls 3):

Tadbls 3
, 3 11 13 13 14
1 79 931 as2 833
l° 2183 2458 3750 3096

During receat years iaveatigations wvere coaducted to determine
the sxperisental dependence of the fundamental physical-cheaical
charactsristics Q, v; and T, on the composition of the powder.

Por our powders, these dependenciss were submitted dy Lecturer
Vv.G. Sheklein (1943).

If ve dosigaats the percestage comteamt of mitroges ia pyroxylis
ss N, aad correspondingly designate ths conteat of aitroglyceriam ina
guspovéder as 8, while designating centralite (di-ethyl-di-pheayl-urea)
P-T8-7337-28 18
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as ¢, di-dutyl-phthalate a8 4, vaselins as v, separadls velatiles
a8 h, i1aseparsble velatiles as b', di-phenyl-amine as s, canphor
as ‘ snd graphite as g, thea the fermulas of Shekleia i1l yield:

Qy =730 + 148.5 (N - 11.8) + 9.4]1 0 - 30.5 ¢ - 24.3 ¢4 - 37.8v~.

13.8h - 26.702' - 31.09 - 33.80¢ - 43.0 g,
where 730 represests the heat of explesive decenpositioa sf
pyroxylia haviag s aitroges coateat of 11.0%.

V) = 044 - 47.3 (B - 11.8) - 2.45a + 14c + 134 + 337v + 3.4h ¢+
+ 16.9n' + 14.88 + 17.4¢ + 10g.

where 944 represeats the velume of gases formisg duriag the
combustion of pyroxylia haviang » aitrogea ceatest of 11.0%.

T,°K « 27900 + 375 (N - 11.8) + 33 a-71 c-50 d-100 v-54 h-

~83 h'-88 s-93 ¢ -125g.
where 2790° corresponds to the temperature of the explesive
decompoeitioa of pyroxylia haviag a sitroges coatsat of 11.0%.
3. BALLISTIC PROPERTIES OF GINPONRER

Ballistic properties of guapowder is the ters applisd to valwes
goversiag the maximsm pressure p, of powder gases and to the rate of
pressure iscrease 3— during coubustioa of the powder iaside »
constant space.

One of thes dopends o0a the nature of the pewder, and is related

by » dofinite pattera to the iatter's physical-chesical characteristics.

The others are goveraed by the geometrical data of the powder graims
7-18-7327-18 19




osapeniag the charge.
Ballistic preperties dependent == the asture of the peosder are

Seternined experiseantally threugh combuatioa iaside a mansmmtrie
bonbd.

Ia the combuntion of peowder ia the bore duriang a discharge,
the pressure of the gases and the rate of its variation depends
met s8ly oa the characteristics of the powder, but alse oa seversl
other valwes and paramsters related to the design of the bore of the
gua and projectile, and characteriziag the eatire artillery systea

R N T
M AL

(for example p,, Vv)). These valuen may be termed the ballistic
characteriatica of the gua and projectile.

Por the time ™eiang, oaly a akort defiaition of ballistic properties
will be presented at this place. A more detailed discussien of
thene propertiea vill be givea later, ia the chapter oa pyrostatics.

The "Energy”f of the povder representa the work which the

gases can perfora duriag the combustion of 1 kg of powder, 1f we
hot t these gasea up to the tesperature "1° and peruit them to
oxpand at coastaat atmospheric pressure.

Thia work depeada oa the apecific voiume of gases and the
un’;ntun of the exploeive decospositioa of powder. ]It is
expreseed ia kg-a/kg

t = RY, = ’;;’ T,,
where g, = 1.00) Lg,/c_:!’ asd represeats stmcapheric pressure;

¥; im the apecific velume of gases at 0°C and atsesspberic
pressure; and

11 is the teaporature of explosive decompositioan (combustien) of

7-78-7337-28 20
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By asdifying the prepertios of the pouder ins a manner increasing

v, asd 7., it is possible to alse increase the epergy of the powder.

m‘tou "onergy® sppesrs te do 2 sert of histerical serviwval,
asd does not truly define the ameunt of work. Newever, since it
has beos maintsined ia ballistics, we shall coatiswe to use it is
our treatise.

Covoluae G ia ﬁ’/g. In the presemce of grest pressures, such
as develop in the combustios of pewder is beabs sad venpoans, gas

donsities becows so grest that the gaseous molecules by themselwes

occupy s liberally sigaificast part of the space is which the
cosbustion occurs. Is physics, this is explained by the introductios
of 8 value, proportiosal to the volume of gas molecules and equsl

to the sum of volumes of spheres of isfleence of ench molecule, is
the equation for the state of the sggregatios of gases. Vean-der-
Vsals assused thst the volume of these spheres of iaflueace is equal
to the qusdruplicated volume of the molecules themselves.

This value is called the "covolume.” It is specific for s gives
type of powder, proportiomal to the velume of gas solecsles, ssd
exerts isfleueace oa the vsluwe for pressere.

To vill sssume that covoluwe is & veluse proportiosal to the
voluse of molecules of gases formimg duriag the combustion of 1 kg
of povder. (It 1is expressed is én3/kg.)

The ratio of the coveluse of a gives gas to its volume st ¢°C
and st s preseure of 760 s, a:w;, varies vithia sarrov limits fer

various gases. HNasely:

r-18-1337-28
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Ritrogea 0.001350
Nethane 0.001001
Ozygea 0.000800
Nydrogea 0.000887
Carboa diexide 0.000888

Dovally it is assuned that a a 0.001 -

Kissenskii gave for pyroxylia powders the formsla & 8.1/!0'7,
1.0., a = 0.00108 -

Krants writes in Ms study / 32_7: “"Is all probadility, the
adjustmeat fros volume to covolume is mot a cosstaat valuwe, but
8 fuaction of the volume. The commorly accepted propesitios that
a = 0.00] v, constitutes aa approximatios, vith the errer iacreasiag
for sa iacrease of pressure. It is most expediest and accurate to
sccomplish a determination of the covolume oa the basis of pressure
seanurenents. "

Inforsatioa gaised in receat years provides the foundatiea for
the assnuaptioa that the covolume becomes smaller with as iacrease
of the pressure of gases above 10,000 u/caz. The covelume may be
considered ss s coastast valee, uader morsal coaditions and
pressures wp to 590 kg/cm3.

Bate of povder combustioa u; at a pressure p = 1. Sistlarly

to £ and a, this vslwe is & derivative of the physical-chemical
preperties of powders. Variatieas of the chemical compositios of
the powder are reflected very stroagly ia the vslue for the rate
of combustioa. For iastsace, the rate of cosbusties w; fer
sitroglyceria powders poesesscs vslues froa 0.070 to 0.180 sm/wec
at p =1 lg/c-’, dopending nsinly o» the comteat of ajtroglyeeris.
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The rate of cesbmsaties . for prrexylia povéders pessesses
values fren 0.000 te 0.000 sa/sec at p = | kg/cad, depending oa
the ceatest of volatile ssudbetances.

In the condustioa of povder withia a ceastaat apace, the emergy

f nad the cevolume a exert influeace ea the value of the pressure
and on the rate of 1ite utouu.teouu. The rate of ceabustios LY
1afluences only the rate of pressure 1acrease.

The value uw; of the rate of combustioa, whea related to the
’mun'p e 1 hao a compound magaitude da/sec; k(/h’.

All these characteristic f, a and w, depend upoa the nature of

the powder.
Table ¢ - Values £, G and " for Varieus Jowders

.}
Powder f in kgda/kg 1s da3/kg | u, ia aa/sec: kg/da®
Pyreszylia
powders 770, 000-930, 000 0.90-1.1 0. 0000060-0. 0000090
Nitreglyceria
powndors 900, 000-1, 200,000 0.75-0.858 0.0000070-0.0000120
[.m. mn ’”_'m.mjm ~°0’ LC L

The last balliatic characterietic depends upon the geometrical
data of the powder. Thia characteristic ia the "Disensioas and form”
of pewder graiss, and the related "mpecific surface of the powder,”™
the ratio of the imitial eurface of the powder to ita volume. The
principle of gas formatios and the rate of presaure iscrease ia the
cosbustion of powder depead wpon these valsen.

Chis? importascs is aitridbutsd to ths smmllset Simsasios, the
thicksens of the strip or the mall. Because the combuetion of the
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povder grais (sirip, tudbe) eccurs frem tws sides, the thickaees
is usually designated by u‘ (0‘ eorvespending te the Malf of the
thicknoss which durns is eae directies).

Apart frea the hallistic charscteristics of tho powder, the
dounity of leadiag A4 also affects the valwe and charseter of the

pressure iacrease. It is a characteristic of the cenditiens of
charging. The denstity of loadiag represeants the ratie of weight
wof charge te the volume '., ia which the combustios ¢f the powder
tahes place:
Ao 2. pg/end.
v
1]
In this nense, 1f we f1ll the eatire space Io with powder,

. then the deasity of loadiag will become s gravimetric deasity.
The gravisetric deasity characterizes the degree of compactaeas

of the charge. At 8 givea demsity ¥ of powder, it will be

greater for 3 fine powder with rouaded sdges and less for a

rectangular grais with protrudiag edgea. Ia this cemasctiosn,

for imstance, a grasular powder with sevea bholes preved to bde

more "suitable for packagiag” thas the strip type pewder. By

the same tobea, a shell for a field gua will house 1100 kg of

strip poeder, and up to 1350 kg of the powder grains bhaviag sevea

holes.

Ia this manasr, we have four ballistic characteristics: the

. osergy £, the covolume a, the rate of combusties u; st p ~ 1, the

dinensiors snd form of the powder. and the charasteristic of

the eharging:oonditions, the deasity 4 of loadiasg.
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With a given compesition ¢f the pevder, we caa regulate the
Procens of pressure 1nerease and the uagaitude of the pressure
By varyiagA, the dimeasions asd the ferm of pu‘or. The dinensions
asd fors of powders are varied becavee it is necessary i each
€880 to select the dineasions of the pewder and the weight of the

charge for the gua, ia order te odtain the required mussle wvelecity
®f the projectile, uader conditionss ia which the preseure will

met exceed a given fized valwe goversed by the streagth of the

barrel wall.
The ballistic characteristics will be discussed ia greater

detai]l ia Sectios 11.




SBECTIOR TTV9O
CGEREBRAL PYROBTATICS

BABSIC RELATIONS ARD PRINCIPLES
OF GAS PORNATION PDYRING TESR
CONBDUBSTION OF POVHER I ¥ A
CORNRSTART B3PACS

1. THE NANOMETRIC BOND

Pyroatstics iavestigate the conbustios of guspowder is a
constast space. It is one of the fuadameatsl dramches of iaterior
ballistics. A familisrity with it is mecessary for a clear
comprehension ¢f phenomena occxrriss duriag » gua discharge.

The combustioa of powder is iaveatigated ia thia coamectios
under simplified (ststic) conditions, where the motioa of the
prejectile is disregarded, the varistiens of velume do mot sxist,
aad gases do mot perfora exterior mechasical werk. The mechasical
work of the gases coasista of a certais pressure, which the walls
of the apace 1ia which the coudustion takes place sre aubjected to
from vithis.

On the basis of the experimestal isvestigatioa of the development
of the pressure of the gasen durisg a cemdustien of powder withia s
constant space, pyroetatics form. the theery of powder cosbuatios
and entablish prisciples of fermaties for gases centaining ths sasrgy
which is sapended for the perfermance of various exterior fuactioas
under the coaditisaa of a gus discaarge.

Is this cosmection, iavestigatios is made of the iafluence of
physical-chemical properties of powder, of ballistic charanteristics

7-T8-7337-R8 E
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and conditions of chargiag on the develognest snd Preeess of gas Presdsre. .
The latter is im itself a very importast factor, affecting the rate '

ef formatios of, gaees.
Pyrestatics preseats the methedology of the Mallistic amalywis

of guapovders, i.¢., the methodology for determiming the ballistic

characteriatics of the powder.
Ennuing the Mallintic characteristics ef a powder and the

principies of itas combustion 1a a constant space at & gives precsss
of presaure, it is posaible to accoust for the prisciples eof gas
formaties and pressure developasat under the even mere coaplicated : 4
coaditions of a discharge, with an occurresce of projectile motioca
. (pyrodymamics), and 5 variatioa of the voluse and performamce of
exterior functione by the gases.
In this maaner, pyrostatics offers a source of kaowledge and ¢

fuadanental data necessary for a comprebension and study of the

msore complicated phencasna cocwring during a discharge.
jastruseata ia which the principles of gas fermatien duriag a

conbustien of pevder in a comstast space are iavestigated, are
called mancmetric boubs. Ia view of the fact that ia the ceurse
of the sudseguent expositiea of pyrostatics it will be mecessary
to take experimeatal saterials as a dasia, & descriptien of the
dosigs of the most typical mancsetric bomd 1is iacluded here for
the purpose of leading clarity to statemeats om obtaising such

materisl.
T™he sanesetric beomb is a laboratory iastruseat servisg fer

the purpese of determiaing the maguitude and character of the
tacrease eof pressure develeped by ganes formed during the

coabustion of gumpowder eor explosives iaside a coastant esclosed
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spete. Making it peseible te determine all dallistic characteristics
of guapewder, (esergy of the pewder, covelume of the powder gases,
durstisns of coabustion sad its rate, aa well as seversl other

charscteristics), the maseaetric doad at the preseat time comstitutes
one of the fundameatal instrumeats of as isterier hallistics sad
powder laberatery.

Fig. 35 - Mamometric Beab for the Iavesiigatioa of
fowder Conbustion

Up to tha preseat time, the Vel boad, designed ia the 1880°‘s
appesrs to ¢ the most widely used. Ia this bomd, the pressure ia
doternined from the comspressiea figure of a copper cyliader,
called "crusher." (RBaglish werd “"cruah™ means to crush or compress.)

The bomb (fig. 8) coasists of a eyliander A, made of high-grade
steel, wvhich has a screv thread ia each ead of its ianer surfsce.
The igniter cap D 1is screved is at one oad, while the cap C with
the cresher masometer is screved ianto the other ead. Ia the iguiter
cap, there is na iasulated rod wvhich coaducts the electric curreat
iguitiag the fuse, wvhile a secend ceoaductor is coasected directly
teo the dody of the bombd. A this wire cessects the poiats c sad ¢’,
sad passes through a shell made of tisswe paper vhich costains s
gives amsunt of igniter (pyrexylia, black powder). This wire is
igaited by the curreat.

P-T8-7337-18
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The red p moves vithia the duct of the crusher eap C, and
transaits the pressure of the povder gases to the crusher @oluan
k. The latter ia made of elscirolytic cepper. 1ts other and

18 placed against the hend of a screved-1a plug which serves as

an navil. A small ceateriag rubdber riamg a 18 placed oa the crusher
to obtain coincideonce of 1ts axis vith:that of the red. The head 4
of the rod r, adjacent to the crusher, has aa outwerdly pretrudiag
extonsion r’ vhick moves in a lateral guide slet ia the bhead of
the rod cap. A light ateel pen poiat a is fastesed to the
eztensioca. It rogisters the travel of the rod am a fuactioa of

R T

tise on smoked paper gluid to the drum of the chromograph.

The copper obturating riags, 4, 4, serve to preveat the escapgs
of ganes betweea the walls of the boad nad the screved-ia caps,
while the portios of the duct e which berders with the rod is filled
uwp with a mastic to protect the rod frem the immediante offects of
high tesperature gases.

The bond § i3 fastened in » apecial clamp § aear the drwm 2
(fig. 6), in order for the pma point to tewech the sanked paper
oaly lightly, and wvhen the drum revolves, to msark on the lattar
n thin straight 1ime parallel to the base of the cyliader (a8 oa
f1g. 7).

The tuning fark K is located on the ether side of the drua 3.

It is cawsed to vibrate by the openiang and clesing eof electroaaganeta
o,e, wvhick attract the arms of the tuaing ferk. A thia pea point

P
£ 1a tastened to one ef the latter's arms, recerdiag its escillatiens

on the sane amsked strip of paper.
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Prinr te the experimeant, the dreum of the chremsgraph is put
Sate rapid retatien by menas of aa eleciric moter N or “I tise
mscchanisn. Vhea the retation becomes uaifera, the curreat 1s
Surasd o8 aad Surns the vire geing through the fuse. The fuse
1iteelf ignites the charge of povdsr located im the bdoad.

rig. 6 Pig. 7 - Curve of the
Compression of the Crusher ia the
Nanometric Bomb

The preaaure produced during the combuatioa of the powder gases
19 traasuitted through the rod to the crumbher, compresees it, and
the pen poiat of the rod plota the compressioa curve ma (fig. 7) 1a
agceordaace vith the proocess of pressure iacrease. After the esd of
the cembuntion and the attaiameat of maximus pressure, the rod siope,
and the pea poiat draws a atraight line bbb parallel to the initial
18se. Bere. the distance hetween both of these atraight limes is
sgual te the full coapressiea eof the crusher.

Simwltanecusly with the turaisg ea ef the curreat, the vidbratiag
teaing fork is placed mear the dres for a short period ef time by
the aid of aa avtematic sechaaiss, and 1ts pen puti 4drevs 2 WRYS-~
110 eurve "sias curve™ absut the ceater lise. Becavse the suaber

~of tumisng fork oscillations per second is already kaowa, and bhaviasg

noasured the leagth of One wvave By mesns 0f a COBPATrAtOr BiCroscope,
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9o can deternine o8 the circumference of the drum the leagth

corresponding to 0.00]1 second at a given speed of drum retatien.
Ja this way we obtsis s time scsle for measuriag the crusher
coOmgressios curve.

After completion of the test, the paper with the sisuseidal
curve and the crusher compressies curve is takea off and ceated
eith lacquer. After the dryimg process, the curve ia ssasured
under a comparator BRiCroecope.

The pattera of the curve and of the aimsusocoid is ahowa ia
fig. 7.

After unu;u. the coapreasioa curve obdtained at suitadle time
iatervala, the compressioa of the crusher ia determined aa a fuactioa
of time.

Thea, ia a givea teat, the dependence of povder gas pressure
facrease oa time (curve p am a fusctios of t) ia obtained Oa the
basis of the depeandence of crusher compressioa oa the magaitade
of the preasere, the latter haviang beea previoualy determined
eoxperimentally ia a preaa.

Ia thia wvay we caa determine mot only the maxisus pressure
develeped by the gases of a charge of givea weight (for a givea
deasity of loadiag), but also the pressure iscresse relatively to
tine. That is, juat thoee valuea which depend oa the Balliatic
characteristics of a guapowder.

Consequently, 1f we knew the equations relating the dallistic
characteristics to thc lav of g=s pressure increase, aad had the
boud test data for aay givea powder, we could detersine the numerical

values of its ballistic characteristics. ;

|
|
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ia pyreatatics, relatioaships sre also kivwn betvees the

ballistic characteristics of a povder, the cendition of the test
and test data edtaimed.

Evea mew, the masometric boad forms the basic spparatus of
pyrestatics. Seometimes as ¢lastic manometer 18 used ia place eof
the crusher cap.

The previously meatiosed cyliadrical crusher bogaa to coapress
asd regintered the imcrease of presaure at appreximstely 300 lg/a’.
The initinl phase of powder combuatios remained unexplered.

Ia order to obtaia the entire law of pressure imcrease froa
the begiamiag of igmitica to the ead of the total cembustion of
the powder, ORG CAR uwSe a Crundor shaped so that, haviag » low
resiatance at low pressurea ia the first phases of the cosbustiea
procesa, it gradually increasea in resiatance as the pressure

iacreases.

The coaical crusher developed by the author ia 1923, and ebtained

by machiaing & part of a cyliadrical cruaker 1ato B cous, possessed
that property. This type of crusher regiaters pressures from b to 7

up to 3000 lg/c... fa thia way, it permita not only the iavestigatioa

o1 povder combustien from the very begiaaing to ite eand, but also
a atudy of the buraiag of the iganiter itaelf and the process eof
povder igmition.

The conical crusher wan widely applied ia our coustry ia
1aderatery tests of powder coubustion, aa well as 1a detersimations
of the low pressurea of powder gases ia tests cesdusted on the
firiag raage.
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At the preeest time, pismselectric mansaeters based o medera

achisveneats ia electretechnslegy and rudiotechaslogy are alse used.
8t11], the main aspect of the buasinens remains thus: the precess
of preasure iacrease is regiatered by one eor ancther ssthed. Thes,
kaoving what type of povder we deal vwith and the conditions of its
cembustioa, on the basia of the pressure iacrease, we caa detersine
the rate of gas formatioa and its depeoadence c= various facters.
2. PRINCIPAL PRASES OF COMBUSTION

Ia the combustion of powder 9o caam distinguish the followiag

three phases.
e Ignitios of the powder. Ia order for the powder to become

igaited, it must be heated up is sSuch a sanner as to obtaja, at

aay givem poiat of the charge, a temperature higher thaa its
ignition temperature. The igaitiom of smoksleas powder occurs
2t a tesperature of about 200°C. Black powder with as igaitioa
tomgerature of the order of 300°C, however, igaites and buras mere
vigereusly. After the powder is ignited, evea though only at
one poiat, the combustion reactioa proceeds by itself as a reswult
@f the heat enitted in the combustion of the povdor. Two Processes
take place simsltanecusly: igaitioa of the powder, and the combusties
preper.

Igaitioa is the process of the propagstioa of the combustioa
geaction eover tho surfacs of the powder graia.

Coabust ios is the process of the propagaties of the reactien

- 1ato the iaterior of the pevder graia.
The above two proceases differ ome fros the other. The figures

characterizing thes and relating to the rates of igaitioa and
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conbustion ¢of smobeless and dlack powders are listed below, in

Table §.
3. CONBUSTION OF FOVDERS AT ATHDSPEERIC PRESSURE
Black povders. After the igsition of black powders in the epes

nir and at any givea poiat, the flane spreads wery rapidly is all
directionss over the swurface. Thea the grais costiswes to dura
from all sides, by coaceatric layers teoward the ceater of the
graia. Im accordance with the experiments of Pioder, igaitios

ia identical grains will occur the slover, the mere carefully

the graiss are polished, the greator the demsity of the powder,
asd the lese burned is the charcoal used fer the -?uuctun of
the ’ov‘.r: ) ‘

In the epea air, the speed of ignition @f black powder placed
ia the form of a path over corrugated iroa wvaries frows 1 u':
n/sec, despeadiag upoa the circwastances.

The rate of coabustioa of black powders ia opea air wvas determined
is experimeats by igaitiag powder demolitios blocks, with the lateral
surface covered by grease. [t proved that the rate of combustion,
or the speed 0f the traasaissios of the flame from layer to layer,
does sot depend upon the cross-sectional area eof the Wuraimg bdlock,
but that the speeds of combustioa are imversely proportiomal to the
doasity of the blocks. It was proved that fer cn idestical compositios
of the pewder mass, browa charcoal reduces the rate of combustios, and
the rate of conbustios 1s lovered vith an ise¢rease of pevder bumidity.

The rate of combustion of black pewder im epen air ia os the

average arouad 0.01 a/sec ~ 10 mm/sec., 1.0., masy tines less thas
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the rate of igmitiea.
Smoboless Jowders 1gnite and burn ia the open air cessideradly

slower than the black pewders.
1f ve fastea a strip of pyroxylia powder (or a stick of sitreglycerin
pevder) vertically and iganite sa upper corser of it, the atrip will

DR L

bura calamly with 4 yellewish flame, while the propagation of flames
over the surface of the strip will proceed comparatively slewly. 1,:

In addition to this, the buraiag grains will fors am angle some
tine after the begianming of the combustion. Thia angle will remaia
conmtant to the end of the combustion (figs. 8a and b). The magnitude
of this aagle depends oa the ratio of the combustioa rate of pewder
to the rate of t;;tuon. ’

Assume that the rate of combustion egquals u, the rate of igmitios
w', wvhile u'Du.

12 we igauite a atrip of powder at ome corser (at the poiat a),
thea 1t will burn jiaside at the rate u, and oa the surface at the rate u’,
foer various iatervals of time. Assume u' = 2w. Thea the strip will
have sequential Muraing surfaces of the type showa ia fig. 8, i.0.,

1-1-3; 2-3-3;...;5-8-5; 6-6-6. Deginaning vith the surface §-5-5,
the angle at the top saintaiss its magnitude and equala two times
<céde - <V¥.

Now, the ratio of rates 18 u/u’ = sis ¢. 1Ia thia manmer, haviag
measured the angle €, wve can determine how many timea the rate eof
fgeitioa 18 larger thas the rate of cosbuatien. It is of iaterest
te moie that after reaching the coastanst angle (surface $-5-3),the
further ahorteaing of the atrip proceeds im wait time mot at »

(rate of cembusties), but at u' (rate of igaition). Therefere, soting
r-78-7337-1 28
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the time for the tetal conbustion of a stick of a givea léngth, ve
can dotermise the rate of igiities Dut mot of cosbudiion.

The rate ¢f coubustion of smsheless pevders i epen sir 1is
about 1 mn/sec., 1.0, ajgaificantly lese tham ia the cane of blaek
povders.

The rate of igaition 18 twe te three timee greater. Therefere,
the otrip buras 1ia air for a sufficieatly leag tise. Newever, 1if
we hoat up the eatire surface of tl: strip at one tise, o0 that
it will iguite assultanseusly (fer inatance by caating a atrip of
povder iate the flames of a selting ever), thea the satire surface
of the atrip will durst sisulitaseeusly ianto flames, and the powder
will bo consuned rapidly, becawse it s thia.

Table § - Rate of Igaition and Combuatioa of
Jowder in Opea Alr

Guapowder Slack Seohe lese
te of igaitios u’' mm/sec 1000-3000 3-3
te of combustien w mm/sec 10 1-3

If larger quaatities of ssshelens powder are ignited, imdividual
strips asd graias are carried- amay as a reselt of the formatiea of a
larger guantity of gases and may he prejected a certaia distasce,
while tubus buraing over their iaterior surface becoms comparabie to

rechets, and fly at a higher velecity ia varieous directicas, sometises

oxpleding te the acoompanimeat of a pierciag seund.
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7ig. 8§ - Combustiea of a Strip of Fewder ia the Open Alr
1) Froat view; 2) side view.
4. CONBUSTION AT A PRESSURE LOVER THAN ATMOSPEERIC
PARSSVES

The firat obeervations sad experisssta were cosducted vith
black povder. They have ahown that powder buras leaa vigoroualy ia
rarefied atacsphere oa high mountaias thaa at the feot eof the
sane mouatains. Experisenta o the cosbuatioa of powder fusea st
various altitudes and at varioua baroeetric pressures verified
this conceptioa. These experimenta retaia their sigaificance evea
at the preseat time, because the coaubuation of powder in time
fuses, durisg natiaircraft firiag at serial targeta, takes place
ssch alover thaa ia flat trajectory firiag.

S. COMBUSTION IN A VACUWN

The sigaificance of preaasure becomea evea s0re clearly evideat
1a the evesnt of great rarefactiea. It was provea by experinsata
that 12 the powder ia placed ia a vacuus uader the bell of an air
penp, it will cempletely fail to iganite, regardless ef briagiag it
iste centact with a red hot wire.

A platinue centaiser filled with bdlack powder was heated until
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red, ia » greatly rarefied atmoephere uader the boll of as air
Sunp. After some time passed, the powder begas te bura slevwly.

Bewever it éid net explode, an ia the opea air. If a platisss

wire is coanducted threugh the powder and heated up, the grains
surroundiag it will begia te swlt; hovever, combustion will sot
commeace l—;t.uly. If the beating up is coantiaved, thea graine

18 coatact with the wire will bura ocaly after the passage oi seme

tine, wvhile the others vill remais imtact.

And, cembustioa occurs easily oanly vhea pressure ia iscreased
te 1/10 ats.

In thin manmer, tha heating wp of the powder, evea by a red-hot
body, in by itself insufficieat. It ia mecemsary thkat a certais
ainisun of atmospheric preasure exint. The higher the iaitial
pressure, the more vigorowsly will the powder igmite.

The sane concepis.apply to smokslemn powders also.

¢. CONDUSTION OF POWGERS AT INCERASED PRESSUIRS
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